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1. FOREWORD 

Novel functions of materials are sometimes realized by superimposing two different 
effects. Newly discovered materials, monomorphs and photostrictors, are using 
sophisticatedly coupled effects of piezoelectricity with another different phenomenon. The 
monomorph is coupled with a semiconductor contact effect, while the photostriction is 
associated with a bulk photovoltaic effect. These "very smart" multifunctional actuator 
materials will be utilized as promising devices relevant to Army needs. This final report 
reviews the recent studies particularly on the photostriction of PLZT. 
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4. FINAL   REPORT 

ABSTRACT 

Photostriction is the superposition of photovoltaic and piezoelectric effects. Perovskite 
(Pb,La)(Zr,Ti)03 ceramics doped with WO3 exhibit large photostriction under irradiation 

of near-ultraviolett light, and are applicable to remote control actuators. 

Highlights of the 3.5 years' activity include: impurity doping study, polarized light effect 

and photo-induced mechanical resonance. The photostrictive effects in the PLZT were 

investigated as a function of B-site impurity doping. Donor doping was found to reduce 

both the grain size and room-temperature dielectric constant, influencing the photovoltatic 

effect. WO3 and Ta2Ü5 doping increase the photovoltaic response, but do not significantly 

affect the piezoelectric effect. 

Using linearly polarized light, angular dependence of the photovoltaic voltage and current 

on the light-polarization orientation with respect to the spontaneous polarization was 

observed in the PLZT. This angular dependence was consistent with the symmetry of the 

poled ceramic. The difference between the peak-peak deviations in the current (2%) and 

voltage (14%) suggests a relatively large dependence of photoconductivity on light- 

polarization orientation. 

Photo-mechanical resonance of a PLZT bimorph has been successfully induced using 

chopped UV irradiation, having neither electric lead wires nor electric circuit. The 

resonance frequency was 75 Hz with a mechanical quality factor Q of about 30 under dual 

beam operation. 

The remarkable response speed improvement by 5 orders of magnitude during these 3.5 

years could verify the feasibility of these PLZT photostrictive materials for practical 

actuator applications which are relevant to Army needs. 



A.   PROBLEM   STUDIED 

Photostrictive effect is a phenomenon in which strain is induced in the sample when it is 

illuminated. This effect is focused especially in the fields of micromechanism and optical 

communication. 

With decreasing the size of miniature robots/actuators, the weight of the electric lead wire 

connecting the power supply becomes significant, and remote control will definitely be 

required for sub-millimeter devices. A photo-driven actuator is a very promising candidate 

for micro-robots. On the other hand, the key components in the optical communication are 

a solid state laser as a light source, an optical fiber as a transfer line, and a display/ 

telephone as a visual/audible interface with the human. The former two components have 

been developed fairly successfully, and the photo-acoustic device (i. e. an optical telephone 

or a "photophone") will be eagerly anticipated in the next century. 

Photostrictive devices which are actuated when they receive the energy of light will be 

particularly suitable for use in the above-mentioned fields. In principle, the photostrictive 

effect arises from a superposition of a photovoltaic effect, where a large voltage is 

generated in a ferroelectric through the irradiation of light, and a piezoelectric effect, where 

the material expands or contracts under the voltage applied. Ii is noteworthy that this 

photostriction is neither the thermal dilatation nor the pyroelectrically-produced strain 

associated with a temperature rise due to the light illumination. Also the photovoltaic effect 

mentioned here generates a greater-than-band-gap voltage (several kV/cm), and is quite 

different from that based on the p-n junction of semiconductors (i. e. solar battery). 

We put a particular focus on improving the response of photostrction: impurity doping 

study, polarized light effect and photo-induced mechanical resonance. The photostrictive 

effects in the PLZT are strongly affected by the B-site impurity doping. We determined the 

optimum concentration of the donor doping such as WO3 and Ta2Ü5. When the 

photostrictive actuator is controlled by the intensity modulation of the irradiation light, 

polarized light will occasionally be used. Angular dependence of the photovoltaic voltage 

and current on the light-polarization orientation with respect to the spontaneous polarization 

should be observed in the PLZT; this is also important to clarify the photovoltaic 

mechanism. Finally, the possibilty of the photo-induced mechanical resonance in the 

photostrictive actuator must be tested so as to verify the feasibity of these materials to 

ultrasonic devices and "photophones." 



B.  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 

Highlights of the 3.5 years' activity include: impurity doping study, polarized light effect 

and photo-induced mechanical resonance. 

Our focus was put on the photostrictive effect primarily in (Pb,La)(Zr,Ti)03 ceramics, in 

particular, impurity doping effect to enhance the effect. The elements were 20 x4x0.15 

mnw: the 4x0.15 rara^ surface was electroded with silver paste before electrical poling. 

The bimorph actuator consisted of two bonded oppositely-poled ceramic plates. Impurity 

doping on PLZT affects the photovoltaic response significantly. Regarding the 

photostriction effect, it is known that as the photovoltaic voltage increases, the strain value 

increases, and with increasing photo-current, there is an increase in the overall response. 

The photovoltaic response was enhanced by donor doping onto the B-site (Nb^+, Ti5+, 

W6+). Figure 1 shows the photovoltaic current, photovoltaic voltage, photo-induced tip 

displacement and stored energy (P=(l/2) Imax x Vmax) in PLZT 3/52/48 bimorph samples 

plotted as a function of atm% of WO3 doping concentration. The photo-voltaic voltage 

reaches 1 kV/mm, and the current is on the order of nA. The maximum of the saturated tip 
displacement was about 120 |im for 0.4 atm% WO3 doped samples. On the contrary, the 

maximum photostriction in Ta2Ü5 doped samples was obtained at 1 at% doping. 
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Fig. 1. Photovoltaic response as a function of impurity doping. 

Using linearly polarized light, angular dependence of the photovoltaic voltage and current 

on the light-polarization orientation with respect to the spontaneous polarization was 

observed in the PLZT. This angular dependence was consistent with the symmetry of the 



poled ceramic. The difference between the peak-peak deviations in the current (2%) and 

voltage (14%) suggests a relatively large dependence of photoconductivity on light- 

polarization orientation. 

Photo-induced mechanical resonance was measured using the bimorph sample. Radiation 

from a high-pressure mercury lamp was passed through an IR blocking filter, an optical 

focusing lens and an optical chopper to provide intermittent sample irradiation. A 

wavelength peak of 370 nm, where the maximum photovoltaic effect of PLZT is obtained, 

was used. A dual beam method was used to irradiate the two sides of the bimorph 

alternately. Two beams, generated through a beam splitter, were chopped so as to cause a 

180 degree phase difference; this overcomes the slow recovery because of the low dark 

conductivity. The mechanical resonance was then determined by changing the chopper 

frequency. Photo-induced mechanical resonance was successfully observed at an audible 

frequency, as in Fig.2. The resonance frequency was 75 Hz with the mechanical quality 

factor Q of 30. The maximum tip displacement of this photostrictive sample was 5 (im at 

the resonance. 

The remarkable response speed improvement by 5 orders of magnitude during these 3.5 

years could verify the feasibility of these PLZT photostrictive materials for practical 

actuator applications which are relevant to Army needs. 
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Fig.2. Photo-induced mechanical resonance behavior of the PLZT bimorph. 
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Impurity Doping Effect on Photostriction 
in PLZT Ceramics 
SHENG-YUAN CHU, ZHOU YE AND KENJI UCHINO 
International Center for Actuators and Transducers, Materials Research Laboratory, The Pennsylvania State 
University, University Park, PA 16802 

Abstract Photostriction is the superposition of a photovoltaic and piezoelectric effects. In this study, photostric- 
tive effects in the perovskite (Pb, La) (Zr, Ti)03 were investigated as a function of B-site impurity doping. Donor 
doping was found to reduce both the grain size and room-temperature dielectric constant, influencing photovoltaic 
response. W03 and Ta205 doping increase the photovoltaic response, but do not significantly affect the piezo- 
electric effect in this material. Maximum photostriction is obtained for samples with 0.4 at% W03 doped or 1 
at% Ta205 doped PLZT 

Keywords: doping effect, photostriction effect, photovoltaic effect, PLZT 

Introduction 

The photovoltaic effect is observed in certain ferroelectrics, wherein a constant electromo- 
tive force is induced with application of near-ultraviolet radiation [l]-[3]. This effect was 
explained by Fridkin et al. in 1974 [4], by Glass et al. [2] and by Brody et al. [5], and 
probably originated from an excitation of electrons from asymmetric impurity potentials. 
The main features of the bulk photovoltaic effect are summarized as follows: 

1) This effect appears in poled uniform single crystals or ceramics with noncentrosym- 
metry and is entirely different in nature from the P-N junction effect observed in 
semiconductors. 

2) Constant photo-current and -voltage are generated in the spontaneous polarization di- 
rection under uniform illumination in the ferroelectric phase and disappears in the 
paraelectric phase. 

3) The magnitude of the induced voltage is proportional to crystal length in the polarization 
direction and is much greater than the band gap energy of the crystal. 

The expected photostriction effects as a superimposed phenomenon of photovoltaic and 
piezoelectric effects have been reported in our previous papers [6, 7], and potential appli- 
cations in photo-driven remote control devices have been proposed [8, 9]. For practical 
applications, larger strain and quicker response are desired, and materials development and 
device design are focused on these objectives. One of the authors has firstly pointed out that 
the PLZT exhibits superior photostrictive effect, and effects of impurity doping in PLZT 
has also been investigated preliminarily [7]. 

In this paper, the photostriction effect in PLZT (3/52/48) ceramics is investigated in detail 
as a function of impurity doping. The effect of doping on grain size and room-temperature 
dielectric constant are also examined, because the grain size affects the photovoltaic effect 
[6], and the photovoltage may change with the dielectric constant for the constant photo- 
induced charge. 
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09KU      5.06KX 511   0024   PLZT1600 

(a) 

09KU      5.06KX 5U   0030   0.610000 

(b) 

Figure 1. SEM photomicrographs of thermally-etched samples of (a) PLZT, (b) PLZT-WO3 and (c) PLZT-Ta205. 
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09KU      5.96KX 5U   0025   TA1 .25* 

(c) 

Sample preparation 

PLZT (x/y/z) samples were prepared in accordance with the following composition 
formula: 

Pbi_1/Lay(Zri_ITia;)1_i03. 

PLZT (3/52/48) was selected due to its optimum photostriction (xph = ^33-E"Ph) within the 
PLZT system [6]. 

The ceramic powder was prepared by a conventional mixed oxide technique. PDCO3, 
La2Ü3, ZrC>2, TiC>2 and dopant were weighed in the appropriate proportions and mixed in a 
ball mill for 2 days using ethanol and zirconia grinding media. 0.5 wt% excess PbCC>3 was 
added to compensate for weight loss during calcination and sintering. The slurry was dried, 
then calcined in a closed crucible at 950°C for 10 hrs. The calcined powder was ball-milled 
again for 48 hrs. The samples were sintered in sealed alumina crucibles at 1270°C/ 2 hrs. 
A PbO rich atmosphere was maintained with lead zirconate powder to minimize lead loss 
during sintering. An x-ray diffractometer did not monitor any secondary phases other than 
the perovskite structure. Sintered samples were electroded with silver paste. Finally, each 
sample was cut and poled in silicone oil at 120°C under a 15 kV/cm electric field. 

1 
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Figure 2. Dielectric constant and loss vs. temperature for PLZT-WO3 (0.4 at%). 
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Figure 3. Room-temperature dielectric constant (a) and Curie temperature (b) vs. WO3 doping level. 
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Figure 5. Sample configuration for photovoltaic effect measurements. 
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Figure 6. Photocurrent measured as a function of applied voltage for a 0.4% WO3 doped PLZT sample. Light 
intensity is 4 mW/cm2. 
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Figure 7.   Photovoltaic current, voltage and potential power as a function of dopant concentration in 
doped PLZT. 

W03 

SEM observation 

Figures 1(a), 1(b) and 1(c) show the thermally etched PLZT, PLZT-WO3 and PLZT-Ta205 

scanning electron microscope (SEM) photomicrographs, respectively. Pure PLZT has the 
largest grain size; however, it is difficult to determine grain size differences between W03 

doped and TasOs doped samples with different concentration. No additional phase was 
observed around the grain boundaries. 

Dielectric measurements 

Samples for dielectric measurements were polished using SiC powders to about 10 mm in 
diameter and 1 mm in thickness and electroded with sputtered platinum (Pt). Figure 2 shows 
dielectric constant and loss tan 8 behavior as functions of temperature and frequency for 
0.4 at% WO3 doped PLZT. Figure 3(a) shows the change in room-temperature dielectric 
constant (at 10 kHz) with dopant concentration for WO3 (0-1.0 at%), and Figure 3(b) 
shows the dielectric constant maximum temperature, which almost coincides with the Curie 
temperature (Tc), as a function of WO3 doping. Consequently, the dielectric constant is 
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Figure 8.   Photovoltaic current, voltage and potential power as a function of dopant concentration of Ta20s 
doped PLZT. 

minimum at 0.4 atm% W03 doping. From Figure 3, it is evident that W03 increases Tc 

and 0.4 at% WO3 doping shows the maximum Curie temperature. 
Figures 4(a) and 4(b) show the changes in the room-temperature dielectric constant 

(10 kHz) and Curie temperature with Ta205 doping, respectively. In the case of Ta205 

doping, the maximum Curie temperature and the minimum dielectric constant are obtained 
at 1.0at%Ta2O5. 

We can conclude that a slight donor doping reduces the grain size and shifts the Curie tem- 
perature to the higher temperature, as reported by T. Yamamoto et al. [10]. The correlation 
of these data with the photostriction will be discussed later. 

Photovoltaic effect measurements 

PLZT (3/52/48) doped with various concentrations of WO3 and Ta2Os were used for this 
study. Sample size for this measurement was 20 x 4 x 0.15 mm3: the 4 x 0.15 mm2 

surface was electroded with silver paste and silver wires were attached. The configuration 
of the sample is shown in Figure 5. Radiation from a high-pressure mercury lamp (Ushio 
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Figure 9. Piezoelectric coefficient (^33) as a function of WO3 doping. 

Electric USH-500D) was passed through a UV bandpass filter (Oriel Co., No. 59811), an 
IR blocking filter (Oriel Co., No. 59060), and a fused quartz optical focusing lens. The 
light was almost monochromated to 370 mm, and the intensity was 4 mW/cm2. Slight 
temperature increase about 10°C was observed on the sample. 

The photovoltaic voltage reaches 1 kV/mm, and the current is on the order of nA. The in- 
duced current was measured with a high-input-impedance (200 TQ) electrometer (Keithley 
617) as a function of the external voltage over a range -100 V to + 100 V. The photovoltaic 
voltage and the current are defined as the maximum open-circuit voltage and short-circuit 
current, respectively [7]. Upon exposure to UV radiation, a weak pyroelectric current was 
initially observed, even with the IR blocking filter, and a steady-state photovoltaic cur- 
rent was achieved after several seconds. Measurements were made after the crystals had 
thermally equilibrated with the radiation to avoid contribution from the pyroelectric effect. 
The photovoltaic voltage and the current were determined from the intercepts of the hori- 
zontal and the vertical axes, respectively. A typical curve is shown in Figure 6 for PLZT 
doped with 0.4 at% W03. 



IMPURITY DOPING EFFECT ON PHOTOSTRICTION IN PLZT CERAMICS 139 

E 

c 
E 
u u 
5. 

0.25 

0.5 
Voltage (kV) 

FigurelO. Induced displacement as a function of applied electric field for0.4%WO3 doped PLZT. (t = 0.45 mm). 

Figures 7 and 8 show the photovoltaic current, photovoltaic voltage and stored energy 
(P = (1/2)1 max xVmax) in PLZT doped with W03 and with Ta205, respectively. 
Photovoltaic current and voltage show a peak at 0.4 at% for the WO3 samples, while 
photovoltaic current and photovoltage show a peak at 1.5 at% and 1 at% for the Ta205 

samples, respectively. It was found that higher photovoltaic current and potential power 
can be obtained in WO3 doped samples, while the higher photovoltage can be obtained in 
Ta205 doped samples. Notice that the strain magnitude increases as the photovoltaic voltage 
increases; and with increasing photo-current, there is an increase in the overall response. 

Field-induced strain measurements 

Since photostriction xph is defined in terms of the photovoltaic voltage Eph and the piezo- 
electric coefficient d33 as 

zPh = d^zEph, (1) 

it is increased by increasing the photovoltaic voltage and/or the piezoelectric coefficient. 
Samples for induced strain measurements were of the same configurations as for dielectric 

measurements, except they are electroded with sputtered silver (Ag) and poled in silicone 
oil at 120°C under a 20 kV/cm electric field. After poling, ^33 measurements were made 
using a Berlincourt 1^33 meter (Channel Products, Inc.)   at 100 Hz.   The measured d33 
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Figure 11. Configuration of bimorph sample (a), and experimental setup (b) for photostrictive-effect measurement. 
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Figure 12. Bimorph deflection of device for 0.4% WO3 doped PLZT device. 

values were about the same for all samples (330 x 10-12 m/V) as seen in Figure 9 for 
WO3-doped samples. 

The field-induced displacement was also measured (see Figure 10). The average d^z con- 
stant obtained from the slope is 350 x 10-12 m/V, in good agreement with the Berlincourt 
meter data. 

In spite of impurity doping, the value of the piezoelectric coefficient remains con- 
stant, indicating that photostriction is proportional to the photovoltaic voltage for these 
compositions. 

Photostrictive effect measurements 

A bimorph design consisting of two oppositely-poled ceramic plates (5 mm x 20 mm x 
0.15 mm in size) was used for photostrictive-effect measurements. The configuration of 
the samples is shown in Figure 11(a). The displacement at the tip of this photostrictive bi- 
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Figure 13. Light-induced displacement as functions of WO3 and Ta205 doping. 
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morph was measured with a noncontact position sensor (Kaman Instrumentation Systems, 
SDP-2810.). The setup for photostrictive effect measurements is shown in Figure 11(b). 
The photostrictive effect in 0.4% W03 doped PLZT is shown in Figure 12. The displace- 
ment reached 50 /jm in several seconds and saturated at 120 /im under a light intensity of 
4 mW/cm2. Figures 13(a) and 13(b) show the light-induced tip displacement as functions 
of WO3 or Ta2Ü5 doping, respectively. 

Conclusion 

Donor doping was found to reduce the grain size and increase the Curie temperature, 
leading to the larger crystal distortion and the larger photo-current. The dielectric constant 
decrease enhances the larger photo-voltage. On the other hand, slight doping with WO3 or 
Ta205 does not contribute to the piezoelectric effect, consequently, photostriction is mainly 
governed by the photovoltaic effect. The maximum photocurrent is obtained for 0.4 at% 
WO3 doping and the maximum photovoltage is obtained for 1 at% Ta205 doping. 

The tip displacement of a 20 mm long photostrictive bimorph can reach more than 100 
//m in a couple of seconds, a great improvement over pure PLZT, and will be applicable to 
photo-acoustic devices. 
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Abstract. The bulk photovoltaic effect in non-centrosymmetric crystals is caused 
by asymmetric generation, recombination or scattering of excited non-equilibrium 
electronic carriers. In this paper, photovoltaic effects in (Pb,La)(Zr,Ti)03-based 
ceramics have been investigated using linearly polarized light. Angular 
dependence of the photovoltaic voltage and current on the polarization direction of 
the light was observed in doped (Pb,La)(Zr,Ti)03 ceramics. A phenomenological 
model was proposed to fit the experimental results from which the photovoltaic 
coefficients were calculated. 

1. Introduction 

The photovoltaic effect is observed in certain ferro- 
electrics, wherein a constant electromotive force is in- 
duced with application of near-ultraviolet radiation [1- 
3]. This effect was explained by Fridkin et al in 1974 
[4], by Glass et al [2] and by Brody and Growne [5], and 
probably originated from an excitation of electrons from 
asymmetric impurity potentials. The main features of 
the bulk photovoltaic effect are summarized as follows: 

(1) This effect appears in poled uniform single 
crystals or ceramics with non-centrosymmetry and is 
entirely different in nature from the P-N junction effect 
observed in semiconductors. 

(2) Constant photocurrent and photovoltage are 
generated in the spontaneous polarization direction under 
uniform illumination in the ferroelectric phase and 
disappear in the para-electric phase. 

(3) The magnitude of the induced voltage is 
proportional to the crystal length in the polarization 
direction and is much greater than the band-gap energy 
of the crystal. 

So far, most studies have been made on single 
crystals to clarify the origin of the effect. However, 
our research group has been focusing on polycrystalline 
samples such as PbTiOj-based [6,7] and Pb(Zr,Ti)03- 
based ceramics [8,9] from a practical application point 
of view. We have developed a high photovoltage 
(« 1 kV mm-1) generator with relatively quick 
response (% 1 s) in the (Pb,La)(Zr,Ti)03 (PLZT) system. 
Moreover, by superimposing the photovoltaic effect 
on the inherent piezoelectricity of these compounds, 
practical  photostrictive  materials  have  been  realized 

[10,11]. A bimorph-type photostrictive element can 
exhibit a several-hundreds-/nm tip deflection under violet 
light illumination. This actuator is applicable to remote- 
control devices such as photo-driven relays [10] and 
micro walking robots [12]. 

In this paper, the bulk photovoltaic effect in bulk 
PLZT (3/52/48) ceramics has been investigated by 
illuminating with linearly polarized light, and the angular 
dependence of the photovoltaic voltage and current 
on the polarized-light direction has been determined. 
This measurement is important particularly when the 
photostrictor is utilized as a photoacoustic device in 
conjunction with optical polarizers. 

2. Sample preparation 

PLZT (JC/V'/Z) samples were prepared in accordance with 
the following composition formula: 

Pb1_,,Lav(ZrI_JCTiJ)i_)y403. 

Since the photostriction figure of merit is evaluated 
by the product of the photovoltaic voltage and the 
piezoelectric coefficient (xph = d-n x £ph) PLZT (3/52/48) 
was selected due to its optimum photostrictive response 
within the PLZT system [9]. 

The ceramic powder was prepared by a conventional 
mixed-oxide technique. PbCC>3, La2Ü3, Zr02, TiOi and 
dopant were weighed in the appropriate proportions and 
mixed in a ball mill for 2 days using ethanol and zirconia 
grinding media. 0.5 wt.% excess PbC03 was added 
to compensate for weight loss during calcination and 
sintering. The slurry was dried, then calcined in a closed 

0964-1726/94/020114+04519.50    ,§ 1994 IOP Publishing Ltd 
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Figure 2.  Experimental set-up for photovoltaic-effect 
measurements. 

crucible at 950 °C for 10 h. The calcined powder was 
ball-milled again for 48 h. The samples were sintered 
in sealed alumina crucibles at 1270°C/2 h. A PbO-rich 
atmosphere was maintained with lead zirconate powder 
to minimize lead loss during sintering. Sintered samples 
were electroded with silver paste. Finally, each sample 
was cut and poled in silicone oil at 120°C under a 15 kV 
cm-1 electric field. 

3. Photovoltaic effect measurements 

PLZT (3/52/48) doped with various concentrations of 
WO3 and Ta205 was used for this study. The sample 
size was 20 x 4 x 0.15 mm-: the 4 x 0.15 mm2 surface 
was electroded with silver paste and silver wires were 
attached. The configuration of the sample is shown in 
figure 1. Radiation from a high-pressure mercury lamp 
(Ushio Electric USH-500D) was passed through a UV 
bandpass filter (Oriel Co., No.59811), an IR blocking 
filter (Oriel Co., No.59060), and an optical focusing 
lens. The experimental set-up is shown in figure 2. A 
wavelength peak around 370 nm, where the maximum 
photovoltaic effect of PLZT is obtained, was applied to 
the sample. 

The photovoltaic voltage reaches 1 kV mm-1, 
and the current is of the order of nA. The induced 
current was measured with a high-input-impedance 
(200 TO) electrometer (Keithley 617) as a function 
of the external voltage over a range —100 V to 
+ 100 V. The photovoltaic voltage and the current are 
defined as the maximum open-circuit voltage and short- 
circuit current respectively [10]. Upon exposure to 
UV radiation, a weak pyroeiectric current was initially 
observed even with the IR blocking filter, and a steady- 
state photoelectric current was achieved after several 
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current (nA) 

photocurrent =7.97 nA 
photovoltage = 1.3 kV/cm 

Figure 3. Photocurrent measured as a function of applied 
voitage for a 0.4% W03-doped PLZT sample. 

Polarizer Mercury 
lamp' 

Figure 4.   Experimental set-up for light-polarization- 
dependence measurements. 

seconds. Measurements were made after the crystals 
had thermally equilibrated with the radiation to avoid 
any contribution from the pyroeiectric effect. The 
photovoltaic voltage and the current were determined 
from the intercepts of the horizontal and the vertical 
axes, respectively. A typical curve is shown in figure 3 
for PLZT doped with 0.4 at.% W03. 

4. Angular dependence of the photovoltaic 
voltage and current 

A polarizer was put between the focusing lens and 
the sample to monitor the angular dependence of 
the photovoltaic effect under linearly polarized light, 
as shown in figure 4. The angle 6 was measured 
with respect to the origin of the remnant polarization 
direction. Figure 5 shows the experimental dependence 
of the photovoltaic current J and the corresponding 
voltage V on the light-polarization direction. Both the 
photovoltage and photocurrent provide the maximum 
values at 9 = 0, 180°, and the minimum at Q = 90°. 
It was observed that the photocurrent and photovoltage 
deviations with respect to the change of light- 
polarization direction are 2% and 14%, respectively, 
for the W03-doped samples, regardless of the absolute 
values of current and voltage. This is the first 
observation of angular dependence of the photovoltaic 
effect in ceramic samples, although this dependence was 
reported for single-crystal samples [13, 14]. 

The photovoltaic current density J, can be described 
by the third-rank tensor aijk [15] as 

Ji   — Ctijk E'j £ k • (1) 
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Figure 5. Dependence of the normalized photovoltaic current and photovoltage on 
the direction of the light-polarization plane and the light for various W03-doped PLZT 

samples, (a) 0.4%, (b) 0.5%, (c) 0.6%, and (of) 1%. Solid curves are the theoretically 
fitted curves. 

Table 1. a31 and a33 coefficients of W03 and Ta205 doped PLZT. 

W03 at.% Ta2Os at.% 

0.4 0.5 0.6 1 1 1.25 1.5 1.75 

of31 (10-6)       12.487      6.844      6.31 
(AW^1) 
a33 (10-6)       12.787      7.13 6.46 
(AW"1) 
a33/a31 1.024      1.042      1.024 

4.49        4.2 

4.55        4.46 

1.013      1.062 

4.23 6.57 5.83 

4.46 6.955 6.05 

1.054      1.059      1.038 

When a homogeneous ferro- or piezoelectric crystal 
is illuminated uniformly with linearly polarized light, a 
photovoltaic current /; arises in it. The sign and the 
magnitude of the current depend on the orientation of 
the light-polarization vector with projections £, and £*, 
El is the conjugate vector of Ek. 

Having the electrodes opened, the photovoltaic 
current /, gives rise to the photovoltage 

VJ = Jil/ioi + <7ph) (2) 

where ad and crph are the dark conductivity and 
photoconductivity, respectively, and / is the distance 
between the electrodes. The value of V, exceeds the 
energy gap of the ferro- or piezoelectric crystal by 
several orders of magnitude, (i.e. V ;» Eg) [I]. 

From the non-zero a,-;* for poled ceramics (Curie 
Group  com)  the expression  for  J,  (the  direction  of 

linearly polarized light propagation is shown in figure 5) 
is obtained from equation (1): 

Jz =a31/ + (a33 -a31)/cos26> (3) 

where / is the incident light intensity and £2£2/ sm2 ^ — 
£3£3/cos29 = I (refer to figure 1). The experimental 
dependence Jz(9) is-in good agreement with equation 
(3). The solid curves in figure 5 are calculated from 
equation (3). The values of a3! and a33 are tabulated 
in table 1. Values of a3! and a33 are of the order of 
10~6, and a33 is larger than o;3I. It is also noteworthy 
that systematic changes of a3I and a33 values are found 
with changes in dopant concentration. However, a^/a^ 
remains essentially constant, and a33/o:3i is somewhat 
smaller in W03-doped than in Ta205-doped samples. 
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In order to determine the photovoltaic coefficient 
values (kjjk = {\/a*)aijk), the absorption coefficient 
(a*) measurements are required. 

5. Summary 

The angular dependence of the photovoltaic current 
and the corresponding voltage on the light-polarization 
orientation with respect to the spontaneous polarization 
has been successfully observed in ceramic samples 
of PLZT. This angular dependence of the photovoltaic 
current is consistent with the symmetry of the 
poled ceramic. The difference between the peak- 
peak deviations in the current (2%) and voltage 
(14%) suggests a relatively large dependence of 
photoconductivity on light-polarization orientation. 
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Abstract 

The photostrictive effect is the superimposing of P^10™1'!»? an<| 
piezoelectric effects. (Pb,La)(Zr,Ti)03 ceramics doped with W03 exhibit large 
photostriction under irradiation of purple-color light, and are applicable as 
remote control actuators. Photo-driven relays and micro walking devices 
which have been developed, are designed to start moving as a result from the 
irradiation,   having   neither   electric   lead   wires   nor   electric   circuit. 

INTRODUCTION 

Photostrictive effect is a phenomenon in which strain is induced in the 
sample when it is illuminated. This effect is focused especially in the fields of 
micromechanism    and    optical    communication. 

With decreasing the size of miniature robots/actuators, the weight of the 
electric lead wire connecting the power supply becomes significant, and 
remote control will definitely be required for sub-millimeter devices^ A 
photo-driven actuator is a very promising candidate for micro-robots. On the 
other hand, the key components in optical communication are solid state lasers 
as a light source, optical fibers as a transfer line, and displays/ telephones as a 
visual/audible interface with the human. The former two components have 
been developed fairly successfully, and the photo-acoustic device (1. e. optical 
telephone   or   "photophone")   will   be   eagerly   anticipated   in   the   next   century. 

Photostrictive devices which function when they receive the energy of light 
will be particularly suitable for use in the above-mentioned fields. In 
principle, the photostrictive effect is the superimposing of a photovoltaic 
effect, where a large voltage is generated in ferroelectncs through the 
irradiation of light,1) and a piezoelectric effect, where the material expands or 
contracts from the voltage applied. The photovoltaic effect mentioned here 
generates a greater-than-band-gap voltage, and is quite different from that 
based on the p-n junction of semiconductors (i. e. solar battery). It is 
generated when electrons excited by light move in a certain direction of the 
ferroelectric crystal due to the spontaneous polarization (i. e. crystallography 
anisotropy). 

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property 
of The American Ceramic Society. Any duplication, reproduction, or republicarion of this publication or any part thereof, without 
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited. 
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This paper describes the details of the fundamental photostrictive effect in 
(Pb,La)(Zr,Ti)03 ceramics first, then introduces its applications to a photo- 
driven relay and a micro walking machine, which are designed to move as a 
result   of   irradiation,   having   neither   lead   wires   nor   electric   circuit. 

PHOTOSTRICTIVE   PROPERTIES 

Materials       Research 

PLZT (x/y/z) samples were prepared in accordance with the following 
composition formula: Pbi-xLax(ZryTiz)i-x/403. The interrelation of photo- 
voltaic current with remanent polarization is plotted for the PLZT family in 
Fig. 1. The average remanent polarization exhibiting the same magnitude of 
photo-current differs by 1.7 times between the tetragonal and rhombohedral 
phases; this suggests the photo-induced electron excitation is related to the (0 0 
1) axis-oriented orbit, i. e. the hybridized orbit of p-orbit of oxygen and d-orbit 
of Ti/Zr. The photostrictive figure of merit is evaluated by the product of the 
photovoltaic voltage and the piezoelectric coefficient. Therefore, PLZT 
(3/52/48) was selected because the largest figure of merit is obtained with this 
composition.2.3) 

Impurity doping on PLZT also affects the photovoltaic response 
significantly.4) Figure 2 shows the photovoltaic response for various dopants 
with the same concentration of 1 atomic % under an illumination intensity of 
4 mW/cm^ at 366 nm. The dashed line in Fig. 2 represents the constant power 
curve corresponding to the non-doped PLZT. Regarding the photostriction 
effect, it is known that as the photovoltaic voltage increases, the strain value 
increases, and with increasing photo-current, there is an increase in the 
overall response. The photovoltaic response is enhanced by donor doping onto 
the B-site (Nb^ + , Ti^ + , W^ + ). On the other hand, impurity ions substituting at 
the A-site and/or acceptor ions substituting at the B-site, whose ionic valences 
are small (1 to 4), have no effect on the response. Figure 3 shows the 
photovoltaic response plotted as a function of atm % of WO3 doping 
concentration. Note that the maximum power is obtained at 0.4 % of the 
dopant. 

Even when the composition is fixed, the photostriction still depends on the 
sintering condition or the grain size.-') Figure 4 shows the dependence of the 
photostrictive characteristics on the grain size. The smaller grain sample is 
preferrable,  if it is  sintered  to  a high  density. 

Effect     of     Light     Polarization     Direction 

Effect of the light polarization direction on the photovoltaic phenomenon was 
investigated on the polycrystalline PLZT, using an experimental setup shown 
in Fig. 5 (a). This experiment is important when the photostriction is 
employed to "photophones", where the sample is illuminated with the polarized 
light traveling through an optical fiber. The rotation angle 9 was taken from 
the vertical spontaneous polarization direction, as shown in Fig. 5 (b). Both 
the photovoltaic voltage and current provided the maximum at 8 = 0 and 180 
deg and the minimum at 0 = 90 deg; this also indicates that the contributing 
electron   orbit  may  be  the  p-d   hybridized  orbit  mentioned   above. 
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PLZT  family. 
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Fig.4.   Grain   size   dependence   of   photostrictive   characteristics   in   PLZT(3/52/48). 
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Fig.5.   (a)   Measuring  system  of the  dependence  of photovoltaic  effect  on   light 
polarization   direction,   and   (b)   photovotaic   voltage   and   current   as   a 
function   of   the   rotation   angle. 
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PHOTOSTRICTIVE  ACTUATORS 

Photo-Driven       Relay 

A   photo-driven   relay   was   constructed   using   a  photostrictor   as   the   driver   (Fig. 
6^4)     The  driving  part  was   a bimorph   which  consisted   of  two   ceramic  plates 
5)
mmx20mmx0 16m8mPin   size)  joined   so   that   their   ^f^J^ZlJZ 

Loosing      A  dummy plate was positioned  adjacent to the bimorph  to  cancel  tne 
Kvoftaic volLgeygePnerated on the bimorph. Utilizing a dual beam meth d 

switching was controlled by alternately irradiating the bimorph ana tne 
dummy The time delay of the bimorph that ordinarily occurs m the ff 
oToTss due to a low dark conductivity could be avoided, making use of this dual 
beam method Figure 7 shows the response of a photostrictive bimorph made 
from PS doped with 0.5 at% W03 under an illumination intensity of 10 
mW/cnA The amount of displacement observed at a tip of the bimorph (2 cm 
EM and 0 32 mm thick) was 150 urn. A snap action switch was used for the 
Sy. Switching by a displacement of several tens of micron was possible 
with this device.6) The On/Off response of the photo-driven relay showed a 
typical delay time of 1 - 2 sec. 

Micro     Walking     Device 

A photo-driven micro walking machine has also been developed using the 
photostrictive bimorphs.?) It was simple in structure having only two 
ceramic legs (5mmx20mmx0.35mm) fixed to a plastic board (Fig 8). When the 
woTgs were irradiated with purple light alternately, the device moved like 

an inchworm The photostrictive bimorph as a whole was caused to bend by 
150 urn as if it averted the radiation of light. The inchworm built on a trial 
basis exhibited rather slow walking speed (several umAmn) as shown in Fig. 9, 
since  slip  occurred  between  the  contacting  surface of its   leg   and  the  floor. 

MOVING PIECE 

LEAF SPRING 

CONTACT 

OPERATING 
DIRECTION 

BEAM 2 

miAl FFAM METHOD 

BEAM I 

Fig.6.   Structure   of  the   photo-driven   relay. 
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Fig.7. Bimorph deflection of the device made from WO3  0.5 atm% doped PLZT. 
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Fig.8.  -Structure   of   the   photo-driven   micro   walking   machine,   and   the   direction 
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Fig.9.   Position   change   of  the   photo-driven   micro   walking   machine   with   time. 
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CONCLUSION 

The Dhotostrictive actuators can be driven by the irradiation of light alone, so 
that they will be suitable for use in actuators, to which lead wires can hard y 
be connected because of their ultra-small size or of their employed conditions 
such as ultra-high vacuum. New actuators of this type have cons.derable 
effects   upon    the   future   micro-mechatronics. 

This work was supported by US Army Research Office through Contract No. 
DAAL 03-92-G-0244. 
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Bulk Photovoltaic Effect for the Linearly Polarized Light 

in Pb(Zni/3Nb2/3)03 Single Crystals 

Sheng-Yuan CHU. Maureen L. MULVIHILL, Zhou YE and Kenii UCHINO 
International Center for Actuators and Transducers. Materials Research Laboratory, 
The Pennsylvania State University, University Park. PA 16802. U.S.A. 

(Received May 30, 1994: accepted for publication August 20. 1994) 

The bulk photovoltaic effect in non-centrosymmetric crystals is caused by asymmetric generation, recombina- 
tion or scattering of excited nonequilibrium electronic carriers. In this paper, the photovoltaic effect has been in- 
vestigated in relaxor ferroelectric Pb(Zn1/3Nb2/3)03 single crystals using linearly polarized light. Angular depend- 
ence of photovoltaic voltage and current on the polarization direction of light was observed in the crystal. A 
phenomenological model was proposed to fit the experimental results from which the photovoltaic coefficients 

were calculated. 

KEYWORDS:    bulk photovoltaic effect, Pb(Zn1,3Nb2,3)03, relaxor, microdomain, photovoltaic coefficient 

1. Introduction 

The photovoltaic effect is observed in certain ferro- 
electrics. wherein a constant electromotive force is in- 
duced with application of near-ultraviolet radiation.-"" 
This effect was explained by Fridkin et al. in 1974.4 

Glass et al.2) and Brody and Growne,5' and probably 
originated from an excitation of electrons from asym- 
metric impurity potentials. The main features of the 
bulk photovoltaic effect are summarized below. 
1) This effect appears in poled uniform single crystals 

or ceramics with noncentro-symmetry and is 
entirely different in nature from the P-N junction 
effect observed in semiconductors. 

2) Constant photocurrent and -voltage are generated 
in the spontaneous polarization direction under 
uniform illumination in the ferroelectric phase and 
disappear in the paraelectric phase. 

3) The magnitude of the induced voltage is proportion- 
al to the crystal length in the polarization direction 
and is much greater than the bandgap energy of the 
crystal. 

Most of the studies have been made so far on normal 
ferroelectric single crystals with linearly polarized 
light, and significant angular dependence of the photo- 
voltaic voltage and current on the polarization direc- 
tion of the light with respect to the spontaneous polari- 
zation direction of the sample crystal has been 
reported.lf 

In this paper, the photovoltaic effect has been investi- 
gated in relaxor ferroelectric Pb(Zni/3Nb2/3)03 single 
crystals, where microdomains may have an effect on 
the photovoltaic phenomenon. Pb(Zni/3Nb2/3)03 is a 
well-known relaxor ferroelectric with a Curie tempera- 
ture around 140 °C, and a peculiar domain reversal 
mechanism which was also reported by us.6) 

2. Sample Preparation 

The raw oxide powders PbO, ZnO and Nb205 were 
mixed in stoichiometric proportions. The ratio of flux. 
PbO, to composition used was 2:1. The powder was 
heated in a sealed platinum crucible to 1200°C, and 
cooled to 800°C at a rate of 2°C/h. Then they were 
cooled   to   room   temperature.   The   crystals   were 

removed from the flux by soaking in hot 25 vol% nitric 
acid. 

Then, the Pb(Zni:3Nb2/3)03 single crystal was cut 
into a (ill) plate. Sample size for this measurement 
was 1.55X0.72X0.56 mm3: the 1.55X0.72 mm2 sur- 
face was electroded with silver paste. The crystal orien- 
tation of perovskite <-. 111 > was taken for the applied 
electrical field direction. Before photovoltaic-effect 
measurements, the sample was poled in silicone oil at 
110°C under an electric field of 15 kV/cm for 10 min. 
The configuration of the sample is shown in Fig. 1. 

3.    Photovoltaic Effect Measurements 

The experimental setup is shown in Fig. 2. Light 
from a high-pressure mercury lamp (Ushio Electric 
USH-500D) was passed through a UV band-pass filter 
(Oriel Co., No. 59811). an IR blocking filter (Oriel Co., 
No. 59060), and an optical focusing lens. A wavelength 
peak around 370 nm was then applied to the sample on 
the 1.55x0.56 mm2 face. 

For the unpoled Pb(Zm/3Nb2/3)03 crystal, the current 
was on the order of 10"'2 A and the photovoltaic volt- 
age was about 100 V/cm. However, after poling, the 
photocurrent and voltage increased to the order of 
10"10 A and 1 kV/cm. Upon exposure to UV radiation, a 
weak pyroelectric current was initially observed even 
with the IR blocking filter, and a steady-state photo- 
electric current was achieved after 10 s. Figure 3 shows 
the transient response of current. The induced current 
was measured with a high-input-impedance (200 Tfl) 

1.55 mm 

0.72 

i 
0.56 mm 

\J <111> 

Ps 

orientation 
Illumination 

f/1 9 
Fig. 1.    Sample configuration for the photovoltaic-effect measure- 

ment. 
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Fig. 4.    Photocurrent measured as a function of applied voltage for 
a Pb(Zn,.,Nb2/3)0.3 single crystal. 
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Fig. 5.    Experimental setup for light-polarization-dependence mea- 
surements. 

electrometer (Keithley 617) as a function of the 
external voltage over the range —100 V to +100 V. 
Measurements were made after the crystals reached 
thermal equilibrium with the radiation to avoid contri- 
bution from the pyroelectric effect. The photovoltaic 
voltage and the current are defined as the maximum 
open-circuit voltage and short-circuit current, respec- 
tively,'' and were determined from the intercepts of the 
horizontal and vertical axes, respectively. A typical 
curve is shown in Fig. 4. 

4.    Angular Dependence of Photovoltaic Voltage 
and Current 

A polarizer was placed between the focusing lens and 
the sample to monitor the angular dependence of the 
photovoltaic effect under linearly polarized light, as 
shown in Fig. 5. The angle 6 was measured with 
respect to the origin of the remanent polarization direc- 
tion. Figure 6 shows the experimental dependence of 
the photovoltaic current J and the corresponding volt- 
age V on the light polarization direction under the il- 
lumination intensity of 1 mW/cm2 for A=366 nm. Both 
the photovoltage and photocurrent provide the maxi- 
mum values at 9 = 0 and 180°, and the minimum at 
0=90°. It was observed that the photocurrent and 
photovoltage deviations with respect to the change of 
light polarization direction are 16% and 11%, respec- 
tively, for the Pb(Zni/3Nb2/3)03 single-crystal samples, 
regardless of the absolute values of current and volt- 
age. 

To our knowledge, this is the first observation of an 

Rotation angle (0) 

Fig. 6. Dependence of the normalized photovoltaic current and 
photovoltage on the direction of the light polarization plane with 
respect to the spontaneous polarization direction for a 
PMZn^Nbj./siOa single crystal. Solid lines are the theoretically fit- 
ted curves. (O: photocurrent, *: photovoltage) Light power = 
0.152±0.001mW. 

angular dependence of the photovoltaic effect in a relax- 
or ferroelectric single crystal, although this depen- 
dence was reported for other normal ferroelectric sin- 
gle crystals.8,9) Compared with normal ferroelectrics 
such as LiNbO3

10) and SbSI,u) the deviations in the 
photocurrent and voltage are relatively small, in a 
comparable magnitude of the polycrystalline samples 
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reported in our previous paper."" This may be at- 
tributed to the microdomain configuration in the relax- 
or Pb(Zni/3Nb2/3)03. 

When a homogeneous ferro- or piezoelectric crystal 
is illuminated uniformly with linearly polarized light, a 
photovoltaic current J, arises from it. The photovoltaic 
current density J, can be described by the third-rank 
tensor al]k

131 as 

Ji = aijkEjE*. (l) 

The sign and the magnitude of the current depend on 
the orientation of the light polarization vector with 
projections E, and £*. 

With the electrodes open, the photovoltaic current J, 
gives rise to the photovoltage 

Vt=Jd/(ad + aJ. (2) 

where aA and aph are the dark and photoconductivity, 
respectively, and I is the distance between the elec- 
trodes. The value of V, exceeds the energy gap of the 
ferro- or piezoelectric crystal by several orders of mag- 
nitude (i.e., V»E,).U 

From nonzero «.,:■ s for Pb(Znt 3Xb2'3)03 single crys- 
tals (Point Group dm), the expression for Jz (the direc- 
tion of linearly polarized light propagation is shown in 
Fig. 5) is obtained from eq. (1): 

J: = a3il+{a33 — a3\)Icos2 9 (3) 

where /is the incident light intensity. The experimen- 
tal dependence Jz{9) is in good agreement with eq. (3). 
The solid lines in Fig. 6 are calculated from eq. (3). 
Values of an and Q33 are then calculated as 2.1 x 10~7 

A/W and 3.2 x 10~7 A/W, respectively. 
In order to determine the photovoltaic coefficient 

values {kijk=(l/a*)aijk), the absorption coefficient (a*) 
measurements are required. 

5.    Conclusions 

The angular dependence of the photovoltaic current 
and the corresponding voltage on the light polarization 
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orientation with respect to the spontaneous polariza- 
tion has been successfully observed in relaxor ferroelec- 
tric Pb(Zni/3Nb2/3)03 single crystals. This angular de- 
pendence of the photovoltaic current is consistent with 
the symmetry of the poled single crystal. The differ- 
ence between the peak-to-peak deviations in the cur- 
rent (16%) and voltage (11%) is relatively small in com- 
parison with the case of normal ferroelectrics. This 
may be attributed to the microdomain configuration in 
the relaxor Pb(Zni/3Xb2/3)03. 
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\bstract: Relaxor ferroelectrics are remarked in non-linear optic applications 
because an extraordinarily large apparent 'electro-optic Kerr effect can be 
observed, even in the so-called paraeiectnc state. This paper descnoes the fun- 
damental electro-opuc properties of perovsk.te-type polycrystalhne and single 
crystals. Pb(Zn, ,Nb,,)0,. (Pb. LaiiZr. TiiO, and Pb(Mg, ,Nb13)0,-PbTiO,. 
firstly Then, a new tvpe of two-dimensional light valve array tor an image pro- 
jector is introduced. X liaht shutter array with 10X10 pixels was tabneated by 
a sophisticated tape casting technique. Plate-through and separate electrodes are 
stacked alternately so as to make vertical addressing by an external electrode 
connecting separate electrodes and horizontal addressing by a plate-through 
electrode.~The applicative feasibility to a high definition image projector was 

verified. 

1  INTRODUCTION 

The electro-optic effect, which is the refractive 
indices change with an external applied electric 
field, will provide very promising useful devices 
such as light valves, deflectors, displays, etc.. in 
the next optical communication age, in conjunc- 
tion with solid state laser chips and optical fibers. 
Compared with liquid crystal devices, the ceramic 
electro-optic components, in general, possess 
advantages in response speed (/xsec), particularly 
in falling time, durability for strong light illumina- 
tion and contrast ratio (102)/gray scale (16 scales). 
On the other hand, the present ceramic compo- 
nents require relatively high drive voltage (1 kV) 
and production cost (S 100). Therefore, the devel- 
opment of a simple mass-production process 
and designing of electrode configurations with 
a narrow gap, as well as the improvement of 
material properties, will be the key factors to the 
actual commercialization of the ceramic optical 
components. 

Let us review the principle of a light shutter uti- 
lizing the second-order electro-optic effect (Ken- 
effect)  initially. The birefringence A« is induced in 
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a crystal when an electric field E is applied: 

A.« = -(l/2)i?rt3£2 (0 

where R (= Ru-R\2) is the Quadratic electro- 
optic coefficient and n is the original refractive 
index of the crystal. When this sample is placed 
between crossed polarizers arranged at the 45° 
direction with respect to the E direction, and light 
is transmitted transversely to the E field (Fig. 1), 
the output light intensity is represented by 

/ = I0A sin^TrRn'm^E2] (2) 

where I0 is the incident light intensity, A an 
equipment constant. I the optical path length (i.e. 
the sample thickness), and A is the wavelength of 
the light. The voltage required for the first inten- 
sity maximum is an essential device parameter and 
called the half-wavelength voltage. 

This paper describes the fundamental electro- 
optic properties of relaxor ferroelectrics, firstly, 
searching the possibility of new electro-optic 
materials. Then, the experimental data are given 
in detail on the Pb(Mg1/3NbM)Oj-PbTi03 system. 
Finally, a new type of two-dimensional light valve 
array for an image projector is introduced, which 

S9-50 C1995 Elsevier Science Limited. England and Techna S.r.l. 
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Fig.  1.  Fundamental construction  of an electro-optic light 
shutter. 

can be mass-produced by a sophisticated tape 
casting technique. The drive voltage has been 
remarkably reduced, and FETs can be used 
directly for operation. This device will be a good 
candidate for the future high definition image 
projector. 

2 CERAMIC ELECTRO-OPTIC MATERIALS 

2.1 Pb(Znv3Nb2/3)03 

Relaxor ferroelectrics are remarked in non-linear 
optic applications because an extraordinarily large 
apparent 'electro-optic Kerr effect' can be 
observed, even in the so-called paraelectric state. 
Figure 2 shows the birefringence In vs electric 
field E relation of a Pb(Zn, 3Nb:.3)03 single crystal 
in the paraelectric phase.' The single crystal sam- 
ple was made by a flux method using excess PbO. 
The parabolic curve in the low field region tends 
to approach a straight line in the high field region. 

A possible phenomenological analysis of this 
peculiar phenomenon is based on the model that 

xio 
T ro 
©145 
© 151 
© 157 
© 165 
© 170 
© 184 
© 205 
© 212 

the crystal is composed of the ferroelectric and 
paraelectric phases mixed together.' Suppose that 
the volume fraction of the paraelectric phase x(T) 
is given by the accumulated Gaussian distribution 
with respect to temperature, the birefringence A« 
is estimated by the summation of linear and 
quadratic electro-optic effects:2 

A/j = [1 - Al 71] «-(/v, - /•;?.) £- + x(T) n:'RuEz!2 (3) 

where n is the refractive index, and r and R rep- 
resent electro-optic Pockeis and Kerr coefficients, 
respectively. Even if the experimental data can be 
explained phenomenologically. the actual situation 
may not be so simple as this model: .Y( 71 should 
also be a function of electric field E. 

Another more realistic explanation is found in a 
. microscopic domain reversal mechanism. 
Pb(Zn, :,Nb:5)0? exhibits very small spindle-like 
domains (5 fj.m) with ambiguous boundaries 
arranged perpendicularly to the external electric 
field. When a field above 0-5 kV/mm is applied, 
the ambiguous curve domain walls move simulta- 
neously in a certain size region, so that each 
micro-domain should change synchronously like 
co-operative phenomena (see Fig. 3).3 It is note- 
worthy that the stripe period of the dark and 
bright domains (corresponding to up and down 
polarizations) will not be changed by the domain 
reversal, and that each domain area changes 
under an AC external field with zero net polariza- 
tion at zero field. The relaxor crystal can be elec- 
trically-poled   easily   when   an   electric   field   is 

-E        0 +E 

5 10 
Electric Field (V/m) 

15x10s 

Fig. 2. Birefringence vs neid in the paraelectric Pb(Zn, ,Nb:,)0-.. Fig. 3. Domain reversal mechanism in Pb(Zn, ,Nb; ,)0,. 
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applied around the transition temperature, and 
depoled completely without any remanent polar- 
ization. This can explain large 'apparent' sec- 
ondary non-linear effects in physical properties 
such as electrostrictive and electro-optic Kerr phe- 
nomena, without exhibiting any hysteresis. 

2.2 (Pb,La)(Zr,Tl)03 

Famous transparent ceramics PLZT. i.e. (PbUv 

Lav)(Zr.Ti,),.v403, are also an example of relaxor 
ferroelectrics. which exhibit large electro-optic 
effect (R ~ 9-1 X 1CT16 m:V:) near the composi- 
tion 9/65/35 and are applicable to practical light 
shutters, displays, etc. 

However, care must be taken for grain size con- 
trol. Figure 4 shows the grain size dependence ot 
the electro-optic coefficients. R and e (defined as 
In = -(1/2)5- vP1)- in PLZT 9 65 35.4 The sam- 
ples were prepared by hot-press sintering starting 
from coprecipitated PLZT powders. The electro- 
optic response is drastically decreased below 2 
/Am. which corresponds approximately to the criti- 
cal grain size below which the sample exhibits 
paraelectric properties.5 Therefore, relatively large 
grain size is necessary to reveal the reasonable 
electro-optic effect. 

On the other hand, a serious problem arises in 
fracture toughness or durability for particularly 
large grain size samples, probably due to the defi- 
cient "(B-site vacancy) crystal structure. A nor- 
mally sintered transparent PLZT ceramic with an 
average arain size more than 6 /Am has fracture 
touEhness of KIC = 0-9 MXm 5:.; which corre- 
sponds roughly to 10s cycles durability under 
repeating operation. This means only 2 months 
durability when the PLZT is used for an image 
display (TV) driven at 30Hz. 

m 

:).jj  ■].;■) i':l     3-U  J'-3 

composition x 

Fi° -. Transmittance of a 0-5 mm thick sample for A = 633 nm 
in (l-.v)Pb(Mg, :.Nb;;A-.YPbTiO,. 

2.3 Pb(Mgv3Nb2 3)03-PbTt03 

Discovery of a new ceramic electro-optic material 
with higher fracture toughness, as well as larger 
electro-optic coefficients, will be an urgent neces- 
sitv for image display applications. The following 
conditions should be satisfied for the ceramic: (1) 
ceramic transparency requires almost zero bire- 
fringence in the original state (i.e. a pseudo-cubic 
structure) to suppress light scattering. (2) large 
fracture toughness may be obtained in a suffi- 
ciently packed structure. (3) large electro-optic 
effect is realized in relaxor ferroelectrics. 

The Pb(Mg1/3Nb:.:.)0:-PbTi03 system, which is 
known as a" superior electrostrictive (secondary 
effect) material with .very high fracture toughness 
(Klc = L" MNm"3:). may be a good candidate to 
investigate from an electro-optic viewpoint. Samples 
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Fig. 4. Grain size dependence on the electro-optic coefficients. 
Rand ?. in PLZT 9 65/35. 

0.08     0.10      0.12      Q.U      0-15 
T i    Fraction   x 

Fia    6.   Refractive   index   change   in   (l-.v)Pb(Mg, ,Nb:,)0, 
-vPbTiO,. 
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Composition   x 
0.08      0.10     0.12     IU      0.16 

(b) Composition    (x) 

Fig. 7. Changes in la) the electro-optic coefficient R and (b) the corresponding hysteresis in (l-.v)Pb(Mg, ,Nb,3)O,-.vPbTi03. 

of the (l-.v)Pb (Mg, ,\b; ,;0,-.YPbTi03 system were 
prepared by hot-press sintering starting from the 
oxide mixtures. Note that the^Curie temperature 
increases gradually with the PbTiO; content, pass- 
ing room temperature around x = 012. and the 
crystal  structure  is  pseudo-cubic  in   the  region 
below ,v = 04. Figure 5 shows the composition 
x dependence of light transmittance (A = 633 nm) 
of   a    0-5    mm    thick    sample    in    the    (l-x) 
Pb(Mg,.3Nb2,3)03-.vPbTiO, system. The transmit- 
tance is reduced drastically above .v = 014. proba- 
bly    due    to    the    scattering    caused    by    the 
spontaneous birefringence. The best transmittance 
(49%) is still smaller than 62% in the conventional 
PLZT; this suggests that more sophisticated pow- 
der preparation techniques will be required for the 
PMN-PT. The refractive index n (A = 633 nm) 
change with x is plotted in Fig. 6, which shows a 
small maximum around x = (H2. The values are 
slightly larger than n = 2-49 in PLZT 10/65/35. 
The most intriguing data can be found in electro- 
optic measurements. Figures 7(a) and 7(b) show 
the electro-optic R coefficient and its correspond- 
ing hysteresis for A = 633 nm. respectively, plotted 
as a function of composition x. The maximum 
electro-optic R coefficient of 22 X 10'16 m2V'2 for 

Light 

x = 0-12 is more than twice as large as 9-1 X 10"16 

m-\'-; in the famous PLZT 9/65/35. The hysteresis, 
defined as an equivalent bias electric field to fit the 
experimental An curve by the quadratic relation of 
E. increases drastically above ,v = 0-16, the sam- 
ples in which region can not be used practically. 

In conclusion. 0-88 Pb(Mg,,3Nbr3)O3-0-12 PbTiO, 
will be the better electro-optic ceramic with high 
mechanical toughness, if better light transmission 
is obtained by improving the preparation technol- 
ogy. 

3 TWO-DIMENSIONAL DISPLAYS 

This section deals with a concept of a projection 
type TV utilizing two-dimensional PLZT displays. 
The  development  of a  simple  mass-production 

PLZT sample 

Atmosphere powder 

Fig. 8. Newly developed design of a two-dimensional display. 

C 2 - D Display        ) 

Fig. 9. Fabrication process of the new 2-D display 
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Fig. 10 (a) Schematic eiectrode configuration of a^.10) m^ ^^ 
x PLZT light valve, (b) Top view photograph of a PLZT light 

process and the designing of electrode configura- 
tions with a narrow gap are the key factors tor the 
PLZT displays. A newly developed design, a, 
shown in Fig.' 8. presents a very bright image with 
a slight crosstalk-related problem and is easy to 
produce. 

3.7 Fabrication process of the 2-D display 

The fabrication process of the two-dimensional 
PLZT light valve array is outlined in Fig. 9. Copre- 
cipitated~ PLZT 9/65/35 powders were mixed with 
organic solvent and binder and formed into a green 
sheet Platinum internal electrodes were printed on 
the green sheets. The electroded sheets were then 
laminated alternately in 90° different orientations 
under a pressure of 3000 psi. so as to make plate- 
throuah and separate electrodes. The laminated 
body~was sintered in an oxygen-controlled atmo- 
sphere and the bulk was cut and polished. Finally 
the external connecting electrodes were applied to 
make vertical and horizontal addressing. 

Figure 10(a) shows the electrode configuration 
of a (10 X 10) matrix light valve. The shaded por- 
tion of the device in the figure represents one 

imase unit (pixel). The vertical separate internal 
ele-rodes were connected by external electrodes 
printed on the surface of the device. The horizontal 
plate-throuah electrodes were embedded 100 ^ 
deener from the optical surface to avoid shorting 
with the vertical electrode connectors. Figure 
10(b) shows a picture of the newly fabricated 
disDlav   Note that the layer thickness is about 
0-35 mm. 

Lu.inou» flu« of  Höht sour« 
Distance from the projector :   1SOO 

10000 !■ 

-loo ~m 300     -       *oo 
APPLIED VOLTAGE (V) (Electrode q.pj0.«5«.) 

Fio   u. Brightness on the screen vs applied voltage for red 
,'ee-, or blue lieht. Note that the half wavelength voltage 

differs for these three lights. 
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3.2 Characteristics of the light valve array 

The optical transmittance of the PLZT device fab- 
ricated by the tape casting technique was 62% at 
A = 633 nm. which is in good comparison with 
63% for the ideal sample prepared by hot-pressing. 
The brightness for red, green and blue light was 
measured as a function of applied voltage 
(Fig.II), where the electrode gap was 0-45 mm.0 

The contrast ratio, denned by a ratio of brightness 
on the screen under the application of half-wave- 
length voltage over brightness under zero volt 
(220 cd/nr/2-8 cd/m:). was about 80. rather supe- 
rior to the values for the conventional cathode rav 

tubes or liquid crystal displays. The response time 
associated with a single pixel of the display was 
less than 10 /xsec for both rising and falling pro- 
cesses, which is rapid enough to drive this shutter 
array at a raster frequency of the conventional 
CRTs. 

3.3 Construction of the image projector 

The driving circuit of the display is represented 
schematically in Fig. 12(a). When the terminals of 
the device are addressed as shown in Fig. 12(b), 
the image appearing in Fig. 12(c) (alphabet 'F') is 
generated on the screen.6 
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FET 

FET 
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Ja 
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Fig. 12. (a) Driving circuit of the 2-D display, (b) Example wave forms of the driving signal, (c) An example image 'F' on the 
screen illuminated from the PLZT projector. 
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Fig. 13. Crosstalk test system. The ligr.: through a slit focused 
on the screen is measured. 
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state and OFF state, respectively. The leakage 
liaht mtensitv associated with the vertical or hori- 
zontal crosstalk is 20-30"/, or 10-20% of the main 
peak intensity, which does not affect the image 
contrast significantly. On the contrary, the oblique 
tvpe crosstalk causes not negligible leakage up to 
50% depending on the applied voltage and the 
number of horizontal addressing input signal 
(combination type crosstalk). Modification of the 
internal electrode configurations will be necessary 
to avoid the crosstalk problem completely. 
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Fig.  14. Crosstalk patterns for dirterent signal addressing: 
=(a) Vertical type, (b) oblique type ar.d <c) complex type. 

Crosstalk phenomenon was checked on the 2-D 
display using a setup as illustrated in Fig. 13 with 
monochromatic light. The test was made with 
keeping one vertical terminal on (Ground) and 
applying high voltage on multiple horizontal ter- 
minals. "There are three different crosstalk pat- 
terns: vertical, horizontal and oblique types. The 
results are shown in Fig. 14(aHc) for the different 
input number of horizontal terminals, where the 
top and bottom of a pair of figures indicate the 

4 CONCLUSIONS 

1. Relaxor ferroelectrics are widely applicable to 
electro-optic light valves/displays, etc. Superior 
characteristics of these materials are mainly 
attributed to the easy poling of the ferroelectric 
micro-domains. 

2. A new electro-optic ceramic. 0-88 
Pb(Ma, ,Nb„i)O,-0-12PbTiO3. with high mechani- 
cal toughness may provide a breakthrough for 
lon2-term display applications. 

3~. A new type of PLZT two-dimensional light 
valve fabricated by a tape casting technique has 
been developed, and a prototype image projector 
was investigated. It is easy to mass-produce, lead- 
ing to a low manufacturing cost. This light valve 
exhibits bright image with a negligible crosstalk- 
related problem. It can be driven in quick response 
(10 Msec) by a relatively low drive voltage (100 
V/O-35 mm gap) in comparison with the conven- 
tional PLzfdevices. The applicative feasibility to 

' a high definition image projector was verified. 
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Abstract -- Photostriction in ferroelectrics arises from a 
superposition of photovoltaic and inverse piezoelectric effects. This 
phenomenon provides promise for photo-acoustic devices, when the 
response has been sufficiently improved. In this paper, B-site donor- 
doping was investigated in (Pb, La)(Zr, TDO3 based ceramics with 
the aim of improving the response speed. Using a PLZT bimorpn 
configuration, a photoacousdc device was tnally fabricated, and the 
fundamental mechanical resonance was observed under intermittent 
illumination of purple-color light, having neither electric lead wires 
nor electric circuit. 

INTRODUCTION 

Photostrictive effect is a phenomenon in which strain is induced in 
the sample when it is illuminated. This effect is focused especially 
in the field of optical communication, where the key components are 
solid state lasers as a light source, optical fibers as a transfer line, 
and displays/telephones as a visual/audible interface with the human. 
The former two components have been developed fairly 
successfully, and the photo-acoustic device (i. e. optical telephone 
or "photophone") will be eagerly anticipated in the next century. 
Photostrictive devices which function when they receive the energy 
of lieht will be particularly suitable for use in the above-mentioned 
fields. 

In principle, the photostrictive effect is the superimposing of a 
photovoltaic effect, where a large voltage is generated in 
ferroelectrics through the irradiation of light, and a piezoelectric 
effect, where the material expands or contracts from the voltage 
applied The photovoltaic effect mentioned here generates a greater- 
than-band-gap voltage, and is quite different from that based on the 
p-n junction of semiconductors (i. e. solar battery).1"3) It is 
generated when electrons excited by light move in a certain direction 
of the ferroelectric crystal due to the spontaneous polarization (i. e. 
crystallo-graphic anisotropy). 

So far, most of the studies on the photovoltaic effect have been 
made on single crystals to clarify the origin of the effect1"3) 
However, our research group has been focusing on polycrystalline 
samples such as PbTi03-based4-5) and Pb(Zr, Ti)03-based 
ceramics6-7) from a practical application point of view. High 

photovoltage (= 1 kV/cm) generators with relatively quick response 
(= 10 sec) have been developed in the (Pb. La)(Zr, Ti)03 (PLZT) 
system. Moreover, bimorph-type photostrictive elements could 
exhibit large tip deflections under UV light illumination.6-7). 

In this paper, the photovoltaic effect in PLZT(3/52/48) based 
ceramics has been investigated as a function of B-site donor 
dopants. Then, using the PLZT bimorph, a photoacoustic device 
was trially fabricated, and the fundamental mechanical resonance 
was observed under intermittent illumination. 

SAMPLE PREPARATION 

PLZT (x/y/z) samples were prepared in accordance with the 
following composition formula: 

Since the photostriction figure of merit is defined as the product o 
the photovoltaic voltage and piezoelectric coefficien 
( =<f,3 x £,,,), PLZT(3/52/48) was selected due to its optimun 

photostrictive"response within the PLZT system.6) According t< 
our preliminary study on impurity doping,7) WO3 doped PLZ: 
ceramics were prepared. 

Ceramic powders were prepared by a conventional mixed oxidi 
technique. PbC03, La?03, Zr02, Ti02 and WO3 were weighed 11 
the appropriate proportions and mixed in a ball mill tor 2 days usin; 
ethanol and zirconia grinding media. 0.5 wt% excess PbC03 wa 
added to compensate for weight loss during calcination an* 
sintering. The slurry was dried, then calcined in a closed alumin, 
crucible at 950 °C for 10 hours. The calcined powder was ball 
milled again for 48 hours. The samples were sintered in sealei 
alumina crucibles at 1270 °C for 2hrs. A PbO rich atmosphere wa 
maintained with lead zirconate powder to minimize lead loss dunn 
sintering Sintered samples were cut, polished and electroded wit 
silver paste. Finally, each sample was poled at 15 kV/cm in silicon 

oil at 120°C. 

The poled PLZT ceramics were used to make bimorph actuator! 
The elements were 20 x 4 x 0.15 mm3: the 4 x 0.15 mm^ surfac 
was electroded with silver paste and silver wires were attached. I n 
bimorph actuator consisted of two bonded oppositely-poled cerami 
plates (refer to Fig. 2). 

IMPURITY DOPING EFFECT 

Impurity doping on PLZT affects the photovoltaic respons 
significantly.') Regarding the photostriction effect, it is known th; 
as=the photovoltaic voltage increases, the strain value increases, an 

Photocurrent 

0.0 0.2 0.4 0.6 0.8 

Concentration of WO3 doping (atm%) 

1.0 

Fie. Changes in photovoltaic current, voltage, power and tip 
displacement as a function of dopant WO3 concentration ir 
PLZT (3/52/48). 
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with increasing photo-current, there is an increase in the overall 
response. The photovoltaic response is enhanced by donor doping 
onto the B-site (Nb5+, Ti5+, W6+). On the other hand, impurity 
ions substituting at the A-site and/or acceptor ions substituting at the 
B-site, whose ionic valences are small (1 to 4), have no effecTon the 
response. 

Figure 1 shows the photovoltaic current, photovoltaic voltage, 
photo-induced tip displacement and stored energy (P=(l/2) 
Imax X Vmax) in PLZT 3/52/48 samples ploted as a function of atm 
% of WO3 doping concentration. It was found that higher 
photovoltaic response can be obtained in WO3 doped samples. The 
photovoltaic voltage reaches 1 kV/mm, and the current is on the 
order of nA. The maximum of the saturated tip displacement was 
about 120 urn for 0.4 atm% WO3 doped samples. The 
displacement of 30 \im could be obtained in one second under a light 
intensity of 4 mW/cm2 (X = 370 nm). 

PHOTO-ACOUSTIC MEASUREMENT 

The mechanical resonance frequency of this bimorph sample can be 
estimated according to the equation: 

/ =0.158 x-V 
I2 (1) 

where t and 1 are the thickness and length of the bimorph sample, 
respectively, p is the density and sf, is the elastic compliance of the 
ceramic. The calculated resonance frequency of the PLZT based 
bimorph, (p = 7.9 g/cm3 and s* = 16 x 10"12 m2/N), was about 
3 kHz: too high for photo-induced resonance measurements. 
Therefore, a thin cover glass was attached to the bimorph sample to 
reduce the resonance frequency, as shown in Fig. 2. Initially, to 
determine the electromechanical resonance behavior, an ac. voltage 
was applied to the bimorph, and the tip displacement was monitored 
by changing the drive frequency, using the experimental setup 
shown in Fig. 3. Figure 4 shows the mechanical resonance 
characteristics obtained from this experiment. The resonance 
frequency was - 79 Hz with a mechanical quality factor Q of - 30. 
The maximum displacement of this thin-plate attached sample was 
about 14 (im at 80 Vp-p- 

Then, the photo-induced mechanical resonance was measured using 
the system shown in Fig. 5. Radiation from a high-pressure 
mercury lamp (Ushio Electric USH-500D) was passed through a 
UV bandpass filter (Oriel Co., No.59811), an IR blocking filter 
(Oriel Co., No.59060), an optical focusing lens and an optical 
chopper to provide intermittent sample irradiation. A wavelength 
peak of 370 nm, where the maximum photovoltaic effect of PLZT is 
obtained, was used. A dual beam method was used to irradiate the 
two sides of the bimorph alternately.7) Two beams, A and B, were 
chopped so as to cause a 180 degree phase difference as illustrated 
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Fig.3      Experimental setup for the electro-mechanical resonance 
measurement. 
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Fig.2      Configuration of a thin-plate attached photo-acoustic 
bimorph. 

Fig.4      Electromechanical resonance behavior of the PLZT 
bimorph. 
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Fig.5      Experimental setup for the photo-induced mechanical 
resonance measurement. 
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in Fig. 6. The slow recovery because of the low dark conductivity 
was overcome using this dual beam method. The mechanical 
resonance was then determined by changing the chopper frequency, i 

The tip displacement of the thin-plate-attached sample as a function 
of chopper frequency is presented in Fig. 7. Photo-induced 
mechanical resonance was successfully observed. The resonance 
frequency was about 75 Hz with the mechanical quality factor Q of I 
about 30; in good agreement with the previous electromechanical 
data. The maximum tip displacement of this photostrictive sample 
was about 5 (im of resonance. 

CONCLUSION 

Photo-mechanical resonance of a PLZT ceramic bimorph actuator l 
has been successfully induced using chopped UV irradiation, having 
neither electric lead wires nor electric circuit A thin cover glass was 
attached on the bimorph structure to decrease the resonance 
frequency so as to easily observe the photo-induced resonance. The 
resonance frequency was 75 Hz with a mechanical quality factor Q \ 
of about 30 under dual beam operation. The maximum tip 
displacement of this sample was about 5 Jim, smaller than the level 
required for audible sound.  However, the achievement of photo- 
induced mechanical resonance in the audible frequency range ( 
suggests the promise of photostrictive PLZT bimorph-type devices 
as photo-acoustic components, or "photophones", for the next 
optical communication age. 
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Photostrictlon     in   ferroelectrics    arises    from   a 
superposition of      photovoltaic and      Inverse 
piezoelectric effects. (Pb,La)(Zr,Ti)03 ceramics 
doped with WO3 exhibit large photostrictlon under 
irradiation of near-ultraviolet light, and are 
applicable to remote control actuators and 
photoacoustlc        devices. Using       a      bimorph 
configuration, a photo-driven relay and a micro 
walking device have been developed, which are 
designed to start moving as a result from the 
irradiation. The    mechanical     resonance     of    the 
bimorph was also induced by an Intermittent 
illumination, verifying the feasibility of the 
photostrictlon    to    "photophone"    applications. 

INTRODUCTION 

Photostrictive effect is a phenomenon in which strain is 
induced in the sample when it is illuminated. This effect is 
focused especially in the fields of micromechanism and 
optical communication. 

With decreasing the size of miniature robots/actuators, 
the weight of the electric lead wire connecting the power 
supply becomes significant, and remote control will 
definitely be required for sub-millimeter devices. A photo- 
driven actuator is a promising candidate for micro-robots. 
On the other hand, the key components in the optical 
communication are a solid state laser as a light source, an 
optical fiber as a transfer line, and a display/ a telephone as a 
visual/audible interface with the human. The former two 
components have been developed fairly successfully, and the 
photo-acoustic device (i. e. a "photophone") will be eagerly 
anticipated in the next century. 

Photostrictive devices which are actuated when they 
receive the energy of light will be particularly suitable for 
use in the above-mentioned fields. In principle, the 
photostrictive effect arises from a superposition of a 
photovoltaic effect, where a large voltage is generated in a 
ferroelectric through the irradiation of light,1) and a 
piezoelectric effect, where the material expands or contracts 
under the voltage applied. Ii is noteworthy that this 
photostriction is neither the thermal dilatation nor the 
pyroelectrically-produced strain associated with a temperature 
rise due to the light illumination. Also the photovoltaic 
effect mentioned here generates a greater-than-band-gap 
voltage (several kV/cm), and is quite different from that based 
on the p-n junction of semiconductors (i. e. solar battery). 

This paper reviews the fundamental photostrictive effect 
in (Pbia)(Zr,Ti)03 ceramics first, then describes its 
applications to a photo-driven relay, a micro walking 
machine and a photophone, which are designed to function as 
a result of irradiation, having neither lead wires nor electric 
circuits. 

PHOTOSTRICTIVE PROPERTIES 

PRINCIPLE 

Although the origin of the bulk photovoltaic effect has 
not been clarified yet, the key point to understand it is the 
necessity of both impurity doping and crystal asymmetry. 
Figure 1 illustrates one of the proposed models, the electron 
energy band model proposed for (Pb,La)(Zr,Ti)03.2'3) The 
energy band is basically generated by the hybridized orbit of 
p-orbit of oxygen and d-orbit of Ti/Zr. The donor impurity 
levels induced in accordance with La doping (or other 
dopants) are present slightly above the valence band The 
transition from these levels with an asymmetric potential due 
to the crystallographic anisotropy may provide the "preferred" 
momentum to the electron. Electromotive force is generated 
when electrons excited by light move in a certain direction of 
the ferroelectric crystal, which may arise along the 
spontaneous polarization direction. 

The asymmetric crystal exhibiting a photovoltaic 
response is also piezoelectric in principle, and therefore, a 
photostriction effect is expected as a coupling of the bulk 
photovoltaic voltage with the piezoelectric d constant 

/////////////////////    CONDUCTION  BAND 

3.26UV) 
E~3.3(eV) 

777777777777777777777 VALENCE BAND 

Figure 1 Energy band gap model of excited electron 
transition from impurity level in PLZT. 
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MATERIALS RESEARCH 

The figure of merit of the photostriction is evaluated by 
the product of the photovoltaic voltage (EPh) and the 
piezoelectric coefficient (d). PZT based ceramics are 
currenüy focused because of their excellent piezoelectric 
properties, i. e. high d values. PLZT is one of such 
materials, which is also famous as a transparent (good 
sintered without pores) ceramic applicable to electrooptic 
devices. 

PLZT (x/y/z) samples were prepared in accordance with 
the following composition formula; 

Pbi.xLax(ZryTiz)i-xy403. 
Figures 2(a) and 2(b) illustrate the contour maps of the 
photovoltaic response and the piezoelectric strain constant 
d33 on the PLZT phase diagram.4-5) The 033 shows the 
maximum around the morphotropic phase boundary (MPB) 
between the tetragonal and rhombohedral phases, and 
increases gradually with increasing the La concentration up 
to 9 mol %. On the contrary, the photovoltage exhibits the 
maximum also around the MPB, but in the tetragonal region 
with 3 mol % of La. The largest pruduct d33-EPn was 
obtained with the composition (3/52/48). 
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Figure 2 Photovoltaic response (a) and piezoelectric constant 
d33 (b) of PLZT plotted on the phase diagram near the 

morphotropic phase boundary between the tetragonal and 
rhombohedral phases. 

Impurity doping on PLZT also affects the photovoltaic 
response significanüy.^) Figure 3 shows the photovoltaic 
response for various dopants with the same concentration of 
1 atomic % into the base PLZT (3/52/48) under an 
illumination intensity of 4 mW/cm^ at 366 urn. The dashed 
line in Fig. 3 represents the constant power curve 
corresponding to the non-doped PLZT (3/52/48). Regarding 
the photostriction effect, it is known that as the photovoltaic 
voltage increases, the strain value increases, and with 
increasing photocurrent, there is an increase in the overall 
response. The photovoltaic response is enhanced by donor 
doping onto the B-site (Nb5+, Ti5+, W6*). On the other 
hand, impurity ions substituting at the A-site and/or acceptor 
ions substituting at the B-site, whose ionic valences are 
small (1 to 4), have no significant effect on the response. 

Even when the composition is fixed, the photostriction 
still depends on the sintering condition or the grain size.5) 
Figure 4 shows the dependence of the photostrictive 
characteristics on the grain size. The smaller grain sample is 
preferrable, if it is sintered to a high density. 
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Figure 3 Photovoltaic response of PLZT for various 
impurity dopants (illumination intensity:4mW/cm^). 
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Figure 4 Grain size dependence of photostrictive 

characteristics in PLZT (3/52/48). 
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DISPLACEMENT MAGNIFICATION MECHANISM 

Since the maximum strain level of the photostriction is 
only 0.01 % (this corresponds to 1 \xm displacement from a 
10 mm sample), we need to consider a sophisticated 
magnification mechanism of the displacement We 
employed a bimorph structure, which is anologous to a 
bimetal consisting of two metalic plates with different 
thermal expansion coefficients bonded together to generate a 
bending deformation according to a temperature change. Two 
PLZT plates were pasted back to back, but were placed in 
opposite polarization, then connected on the edges 
electrically, as shown in Fig. 5.3) A purple light (366 nm) 
was shined to one side, which generated a photovoltaic 
voltage of 7 kV across the length. This caused the PLZT 
plate on that side to expand by nearly 0.01 % of its length, 
while the plate on the other (unlit) side contracted due to the 
piezoelectric effect through the photovoltage. Since the two 
plates were bonded together, the whole device bent away 
from the light. For this 20 mm long and 0.35 mm thick bi- 
plate, the displacement at the edge was 150 urn, and the 
response speed was a couple of seconds. 

Eectrod« 
Irradiation of light 

-a 

"r-^v 
0.4M' 

Figure 5 Structure of the photo-driven bimorph and its 
driving principle. 

DEVICE APPLICATIONS 

In this section we will introduce the applications of 
photostriction to a photo-driven relay, a micro walking 
machine and a photophone, which are designed to function as 
a result of irradiation, having neither lead wires nor electric 
circuits. 

PHOTO-DRIVEN RELAY 

A photo-driven relay was constructed using a PLZT 
photostrictive bimorph as a driver which consists of two 
ceramic plates bonded together with their polarization 
directions opposing each other (Fig. 6).^ A dummy PLZT 
plate was positioned adjacent to the bimorph to cancel the 
photovoltaic voltage generated on the bimorph. Utilizing a 
dual beam method, switching was controlled by alternately 

initiating the bimorph and the dummy. The time delay of 
the bimorph that ordinarily occurs in the off process due to a 
low dark conductivity could be avoided, making use of this 
dual beam method. Figure 7 shows the response of a 
photostrictive bimorph made from PLZT doped with 0.5 at% 
WO3 under an illumination intensity of 10 mW/cm2. The 
amount of displacement observed at a tip of the bimorph (20 
mm long and 0.35 mm thick) was ±150 \im. A snap action 
switch was used for the relay. Switching by a displacement 
of several tens of micron was possible with this device. The 
on/off response of the photo-driven relay showed a typical 
delay time of 1 - 2 seconds. 

OPERATING 
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BEAM 2 

P>IAI  TAMM^CO 
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Figure 6 Structure of the photo-driven relay. 
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Figure 7 Tip deflection of the bimorph device made from 
WO3 0.5 at.% doped PLZT under a dual beam control 

(illumination intensity: 10 mW/cm2). 

MICRO WALKING DEVICE 

A photo-driven micro walking machine has also been 
developed using the photostrictive bimorphs.6) It was 
simple in structure, having only two ceramic legs (5mmx 
20mmx 0.35mm) fixed to a plastic board (Fig. 8). When the 
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two legs were irradiated with purple light alternately, the 
device moved like an inchworm. The photostrictive bimorph 
as a whole was caused to bend by ±150 ^m as if it averted 
the radiation of light. The inchworm built on a trial basis 
exhibited rather slow walking speed (several tens um/min), 
since slip occurred between the contacting surface of its leg 
and the floor. The walking speed can be increased to 
approximately 1 mm/min by providing some contrivances 
such as the use of a foothold having microgrooves fitted to 
the steps of the legs. 

I2i Proceeding direction 

3 
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•f\A/\|/ 
FACE:A2 

7)  HokJer (acryl) 
/      Bimorph 

FACE: A, 

Hat (cover glass) 

Surface (glass polished to No.4000) 

Figure 8 Structure of the photo-driven micro walking 
machine, and the irradiation directions. 

PHOTOPHONE 

The technology to transmit voice data (i. e. a phone call) 
at the speed of light through lasers and fiber optics has been 
advancing rapidly. However, the end of the line - interface 
speaker - limits the technology, since optical phone signals 
must be converted from light energy to mechanical sound via 
electrical energy at present. The photostriction may provide 
new photoacoustic devices. 

Photo-mechanical resonance of a PLZT ceramic bimorph 
has been successfully induced using chopped near-ultraviolet 
irradiation, having neither electric lead wires nor electric 
circuits.^) A thin cover glass was attached on the 
photostrictive bimorph structure to decrease the resonance 
frequency so as to easily observe the photo-induced 
resonance. A,dual beam method was used to irradiate the two 
sides of the bimorph alternately; intermittently with a 180 
deg phase difference. The mechanical resonance was then 
determined by changing the chopper frequency. 

The tip displacement of the thin-plate-attached sample as 
a function of chopper frequency is presented in Fig. 9. 
Photo-induced mechanical resonance was successfully 
observed. The resonance frequency was about 75 Hz with 
the mechanical quality factor Q of about 30. The maximum 
tip displacement of this photostrictive sample was about 5 
(im at the resonance point, smaller than the level required for 
audible sound. However, the achievement of photo-induced 
mechanical resonance in the audible frequency range suggests 

the promise of photostrictive PLZT bimorph-type devices as 
photo-acoustic components, or "photophones", for the next 
optical communication age. 

70 80 

Frequency (Hz) 

100 

Figure 9 Photo-induced mechanical resonance behavior of 
the PLZT bimorph. 

CONCLUSION 

Photostrictive actuators can be driven only by the 
irradiation of light, so that they will be suitable for use in 
actuators, to which lead wires can hardly be connected 
because of their ultra-small size or of their employed 
conditions such as ultra-high vacuum or outer space. The 
photostrictive bimorphs will also be applicable to 
"photophones." The new principle actuators have 
considerable effects upon the future micro-mechatronics. 

This work was partly supported by US Army Research 
Office through Contract No. DAAL 03-92-G-0244. 
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ABSTRACT 

Photostriction in ferroelectrics arises from a superposition of photovoltaic and 

inverse piezoelectric effects. This phenomenon provides promise for photo-acoustic 

devices, when the response has been sufficiently improved. In this paper, B-site donor 

doping was investigated in (Pb, La)(Zr, Ti)C«3 based ceramics with the aim of improving 

the response speed. Using a PLZT bimorph configuration, a photoacousüc device was 

trially fabricated and the fundamental mechanical resonance was observed under 

intermittent illumination. 

KEYWORDS: PLZT, Bimorph, Photovoltaic Effect, Photostrictive Effect, Photo-induced 

Mechanical Resonance 



INTRODUCTION 2 

The photovoltaic effect is observed in certain ferroelectrics, wherein a constant 

electromotive force is induced with application of near-ultraviolet radiation D.2).3). This 

effect was explained by Fridkin et al. in 1974 4), by Glass et al.2> and by Brody et al.5>, 

and probably originated from an excitation of electrons from asymmetric impurity 

potentials. The main features of the bulk photovoltaic effect are summarized as follows: 

1) This effect appears in poled single crystals or ceramics with noncentric- symmetry and 

is entirely different in nature from the P-N junction effect observed in semiconductors. 

2) Constant photo-currents and -voltages are generated in the spontaneous polarization 

direction under uniform illumination in the ferroelectric phase only, disappearing in the 

paraelectric phase. 

3) The magnitude of the induced voltage is proportional to the crystal length in the 

polarization direction and is much greater than the band gap energy of the crystal. 

So far, most of the studies have been made on single crystals to clarify the origin of 

the effect However, our research group has been focusing on polycrystalline samples such 

as PbTi03-based 6^ and Pb(Zr, Ti)C>3-based ceramics 8)'9) from a practical application 

point of view. High photovoltage (- 1 kV/cm) generator with relatively quick response (- 

10 sec) have been developed in the (Pb, La)(Zr, Ti)C>3 (PLZT) system. Moreover, by 

superimposing the photovoltaic effect with the inherent piezoelectricity of these 

compounds, practical photostrictive materials have been realized 8)>9>. A bimorph-type 

photostrictive element can exhibit large tip deflections under UV light illumination. This 

actuator is applicable to remote control devices such as photo-driven relays 9> and micro 

walking robots 10\ 

In this paper, the photovoltaic effect in PLZT(3/52/48) based ceramics has been 

investigated as a function of B-site donor dopants. Then, using the PLZT bimorph, a 

photoacoustic device was trially fabricated and the fundamental mechanical resonance was 

observed under intermittent illumination. 



SAMPLE PREPARATION 3 

PLZT (x/y/z) samples were prepared in accordance with the following composition 

formula: 

Since the photostriction figure of merit is defined as the product of the photovoltaic voltage 

and piezoelectric coefficient (x^^xE^), PLZT(3/52/48) was selected due to its 

optimum photostrictive response within the PLZT system ». According to our preliminary 

study on impurity doping 9), WO3 doped PLZT ceramics were prepared. 

Ceramic powders were prepared by a conventional mixed oxide technique. PbC03, 

La203, Zr02, T1O2 and WO3 were weighed in the appropriate proportions and mixed in a 

ball mill for 2 days using ethanol and zirconia grinding media. 0.5 wt% excess PbC03 was 

added to compensate for weight loss during calcination and sintering. The slurry was dried, 

then calcined in a closed alumina crucible at 950 °C for 10 hours. The calcined powder was 

ball-milled again for 48 hours. The samples were sintered in sealed alumina crucibles at 

1270 0C/2hrs. A PbO rich atmosphere was maintained with lead zirconate powder to 

minimize lead loss during sintering. Sintered samples were cut, polished and electroded 

with silver paste . Finally, each sample was poled at 15 kV/cm in silicons oil at 120 °C . 

The poled PLZT ceramics were used to make bimorph actuators. The elements were 

20 x 4 x 0.15 mm3: the 4 x 0.15 mm* surface was electroded with silver paste and silver 

wires were attached. The bimorph actuator consisted of two bonded oppositely-poled 

ceramic plates (refer to figure 1). 

DOPING CONCENniATXON DEPENDENCE 

Tte photovoltaic effect was measured in PLZT 3/52/48 bimorph samples doped 

with various concentrations of WO3. Figure 2 shows the photovoltaic current, photovoltaic 

voltage, photo-induced tip displacement and stored energy (P=<l/2) ImaxX Vmax) in PLZT 

doped with WO3. It was found that higher photovoltaic current, photovoltage, 



photostriction and potential power can be obtained in WO3 doped samples. The 4 

photovoltaic voltage reaches 1 kV/cra, and the current is on the order of nA. The maximum 

tip displacement is about 120 m for 0.4 atm% WO3 doped samples. Notice that the strain 

magnitude increases as the photovoltaic voltage increases; and with increasing photo- 

current, there is an increase in the overall response. The photo-induced tip displacement 

was 30 (im in one second and saturated at 120 pirn under a light intensity of 4 mW/cm2 

(A= 370 nm). 

MECHANICAL RESONANCE FREQUENCY MEASUREMENTS 

The mechanical resonance frequency of the above-mentioned bimorph sample can 

be estimated according to the equation: 

/'-«"»"Ffir- 
where t and 1 are the thickness and length of the bimorph sample, respectively, p is the 

density and 5* is the elastic compliance of the ceramic. The calculated resonance frequency 

of the PLZT based bimorph, using p = 7.9 g/cra3 and 5* = 16 x 10-12 m2/N, was about 

3 kHz: too high for photo-induced resonance measurements. Therefore, a thin cover glass 

was attached to the bimorph sample to reduce the resonance frequency, as shown in figure 

1. To determine the electromechanical resonance behavior, an ac. voltage was applied to the 

bimorph. The up displacement was monitored as a function of frequency using the 

experimental setup shown in figure 3. Figure 4 shows the mechanical resonance 

characteristics obtained from this experiment The resonance frequency was - 79 Hz with a 

mechanical quality factor Q of - 30. The maximum displacement of this thin-plate attached 

sample was about 14 ^im at 80 Vp-p. 

PHOTO-ACOUSTIC MEASUREMENT 



PHOTO-ACOUSTIC MEASUREMENT 5 

Radiation from a high-pressure mercury lamp (Ushio Electric USH-500D) was 

passed through a UV bandpass filter (Oriel Co., No.59811), an IR blocking filter (Oriel 

Co., No.59060), an optical focusing lens and an optical chopper to provide intermittent 

sample irradiation (see figure 5). A wavelength peak of 370 nm, where the maximum 

photovoltaic effect of PLZT is obtained, was used. A dual beam method was used to 

irradiate the two sides of the bimorph alternately [9]. Two beams, A and B, were chopped 

so as to cause a 180 degree phase difference as illustrated in figure 6. Notice the maximum 

intensity of 1 mW/cnA The slow recovery because of the low dark conductivity was 

overcome using this dual beam method. The mechanical resonance was then determined by 

changing the chopper frequency. 

The tip displacement of the thin-plate-attached sample as a function of chopper 

frequency is presented in figure 7. Photo-induced mechanical resonance was successfully 

observed. The resonance frequency was about 75 Hz with the mechanical quality factor Q 

of about 30; in good agreement with the previous electromechanical data. The maximum tip 

displacement of this photostrictive sample was about 5 tun of resonance. 

CONCLUSION 
Photo-mechanical resonance of a PLZT ceramic bimorph actuator has been 

successfully induced using chopped UV irradiation. A thin cover glass was attached to 

decrease the resonance frequency to easily ooserve photo-induced resonance. The 

resonance ftBoomy was 75 Hz with a mechanical quality factor Q of about 30 under dual 

team op«*». Tte maximum tip displacement of this sample was about 5 um. smaller 

than the level «piied for audible sound. However, the achievement of photo-induced 

mechanical resonance in the audible frequency range suggests the promise of photostrictive 

PLZT bimorph-type devices as photo-acoustic components, or "photophones", for the next 

optical communication age. 
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Figure Captions 

Fig. 1     Configuration of a thin-plate attached photoacoustic bimorph. 

Fig. 2     Photovoltaic current, voltage, power and tip displacement as a function of dopant 

concentration in WO3 doped PLZT. 

Fig. 3     Experimental setup for mechanical resonance measurements. 

Fig. 4    Mechanical resonance behavior of WO3 doped PLZT. 

Fig. 5     Experimental setup for photo-induced mechanical resonance measurements. 

Fig. 6     Wave forms for two beams of illuminating the bimorph sample. 

Fig. 7     Photo-induced mechanical resonance behavior of WO3 doped PLZT. 
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Figure 1: Configuration of a thin-plate attached photoacoustic biraorph. 
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ABSTRACT 

Photostriction in ferroelectrics arises from a superimposed phenomenon of the 

photovoltaic and inverse piezoelectric effects. This paper reviews the recent developments 

in materials and their device applications: ion doping effect is described in (Pb, La)(Zr, 

Ti)03 based ceramics firstly to improve the response speed, then the drive/control methods 

(polarized light method and dual beam method) are presented, finally photo-driven relays, 

micro walking machines and photoacoustic devices are introduced. The devices based on a 

bimorph structure were designed to start moving by the irradiation without any external 

electric circuit 

INTRODUCTION 

Photostrictive effect is a phenomenon in which strain is induced in the sample when 

it is illuminated and is expected as a superposition phenomenon of bulk photovoltaic effect 

and inverse piezoeletric effect. The photovoltaic effect is observed in certain ferroelectrics, 

wherein a constant electromotive force is induced with application of near-ultraviolet 

radiation [l]-[3]. This effect was explained by Fridkin et al. [4], Glass et al. [2] and Brody 

et al. [5], and is probably originated from an excitation of electrons from asymmetric 

impurity potentials, but the origin has not been clarified yet.. The main features of the bulk 

photovoltaic effect are summarized as follows: 



1) This effect appears in poled uniform single crystals or ceramics with noncentro-   2 

symmetry and is entirely different in nature from the P-N junction effect observed in 

semiconductors. 

2) Constant photo-current and -voltage are generated in the spontaneous polarization 

direction under uniform illumination in the ferroelectric phase and disappears in the 

paraelectric phase. 

3) The magnitude of the induced voltage is proportional to the crystal length in the 

polarization direction and is much greater than the band gap energy of the crystal. 

So far, most of the studies have been made on single crystals to clarify the origin of 

the effect. However, our research group has been focusing on polycrystalline samples such 

as PbTi03- based [6, 7] and Pb(Zr, Ti)03-based ceramics [8, 9] from a practical 

application point of view. We have developed a high photovoltage (= 1 kV/cm) generator 

with relatively quick response (= 1 sec) in the (Pb, La)(Zr, Ti)03 (PLZT) system. 

In this paper, the recent developments in photostrictive materials and their device 

applications will be reviewed. Ion doping effect on the photostriction in bulk 

PLZT(3/52/48) ceramics is described first, then the angular dependence of the photovoltaic 

voltage and current on the polarized light direction and a dual beam driving method are 

introduced. Finally, photostrictive devices such as photo-driven relays [10], micro walking 

robots [11] and photoacoustic devices are introduced. Bimorph-type photostrictive 

elements can exhibit more-than-one-hundred |im tip deflection under violet light 

illumination. 

DOPING EFFECT ON THE PHOTOVOLTAIC PROPERTIES 

PLZT (x/y/z) samples were prepared in accordance with the following composition 

formula: 
Pbx.yLay{Zrx_xTiz)_L0,. 

4 

Since the photostriction figure of merit is evaluated by the product of the photovoltaic 



voltage and the piezoelectric coefficient (xph = d33 x Eph), PLZT(3/52/48) was selected due  3 

to its optimum photostrictive response within the PLZT system [9]. 

A slight donor doping was found to reduce the grain size and to shift the Curie 

temperature to the higher temperature [12]. Figures 1(a), 1(b) and 1(c) show the scanning 

electron microscope (SEM) photographs of the thermally etched PLZT, PLZT-WO3 and 

PLZT-Ta205, respectively. Pure PLZT has the largest grain size; however, it is difficult to 

determine grain size differences between WO3 doped and Ta2Ü5 doped samples with 

different concentration. Figure 2(a) shows the change in the dielectric constant at room 

temperature and at 10 kHz with dopant concentration for WO3 (0-1.0 at% ), and figure 

2(b) shows the dielectric constant maximum temperature, which almost coincides with the 

Curie temperature (Tc ), as a function of WO3 doping. The dielectric constant shows the 

minimum at 0.4 at% WO3 doping, where the Tc provides the maximum. Figures 3(a) and 

3(b) show the changes in the room-temperature dielectric constant (10 kHz) and the Curie 

temperature with Ta205 doping, respectively. In the case of Ta2Ü5 doping, the maximum 

Curie temperature and the minimum dielectric constant are obtained at 1.0 at% Ta2Ü5. 

Consequently, impurity doping on PLZT affects the photovoltaic response 

significantly. Figures 4 and 5 show the photovoltaic current, photovoltaic voltage and 

maximum output power (P=(l/4) ImaxXVmax) in PLZT doped with WO3 and with 

Ta205, respectively. Photovoltaic current and voltage show a peak at 0.4 at% for the WO3 

samples, while photovoltaic current and photovoltage show a peak at 1.5 at% and 1 at% for 

the Ta205 samples, respectively. It was found that the higher photovoltaic current can be 

obtained in WO3 doped samples, while the higher photovoltage can be obtained in Ta2Ü5 

doped samples [13]. The higher voltage generates the larger magnitude of the 

photostriction, while the higher current provides the quicker overall response. 



DRIVE/CONTROL TECHNIQUES 

(1) Polarized Light Illumination Drive 

A polarizer was put between the focusing lens and the sample to monitor the angular 

dependence of the photovoltaic effect under linearly polarized light, as shown in figure 6 

[14]. The angle 0 was measured with respect to the origin of the remnant polarization 

direction. Figure 7 shows the experimental dependence of the photovoltaic current J and the 

corresponding voltage V on the light polarization direction. Both the photovoltage and 

photocurrent provide the maximum values at 9 =0, 180 degree, and the minimum at 6 = 90 

degree. It was observed that the photocurrent and photovoltage deviations with respect to 

the change of light polarization direction are 2% and 14%, respectively, for the WO3 doped 

samples, regardless of the absolute values of current and voltage. This angular dependence 

of the photovoltaic current is consistent with the symmetry of the poled ceramic. The 

difference between the peak-peak deviations in the current (2%) and voltage (14%) suggests 

relatively large dependence of photoconductivity on light polarization orientation. 

(2) Dual Beam Control 

Turning off the photostrictive device optically is a particular difficulty, because the 

very low conductivity under off illumination prohibits the device from discharging (see 

figure 8(a)) [9]. The method proposed here is the use of dual beams for quick control. Two 

samples of the same size are electrically connected together with antiparallel arrangement of 

the remnant polarization, so that the induced voltages may cancel each other when 

illuminated simultaneously (figure 8(b)). To drive this twin device, the main element (1) is 

irradiated first, then followed by the irradiation on the sub-element (2) immediately after 

turning off the main one. As shown in figure 8(c), this alternating illumination provides 

remarkable quick response in the turn-off process. 



APPLICATIONS 

(l)Photo Driven Relay 

A photo-driven relay was made by a snap-action switch, which can be functioned by 

a 50 |im displacement, and a driver using a photostrictor.(see figure 9)[10]. The driving part 

is a bimorph which consists of two ceramic plates (5 mm x 20 mm xO. 16 mm in size) joined 

so that their polarization directions are opposing. A dummy plate is positioned adjacent to 

the bimorph to cancel the photovoltaic voltage generated on the bimorph. Utilizing the dual 

beam method, switching was controlled by alternately irradiating the bimorph and the 

dummy. The amount of displacement observed at the tip of this bimorph was 150 um and 

the On/Off response of the photo-driven relay showed a typical delay time of 1 - 2 seconds. 

(2) Micro-Walking Machine 

A photo-driven micro walking machine has also been developed using the 

photostrictive bimorphs [11]. It has two ceramic legs (5 mmx20 mmx0.35 mm) fixed to a 

plastic board (figure 10). When the two legs were irradiated with purple light alternately 

with a 14-sec period, the device moved like an inchworm. The photostrictive bimorph as a 

whole was caused to bend by 150 (im as if it averts the radiation of light The inchworm 

built on a trial basis exhibited rather slow walking speed (several nm/min) in comparison 

with the expected speed (several mm/min), since slip occurred between the contacting 

surface of its leg and the floor, as shown in figure 11. 

(3) Photo-Acoustic Device 

PLZT(3/52/48) doped with WO3 samples were used for this study. The sample size 

for this measurement was 20 x 4 x 0.15 mm3: the 4 x 0.15 mm2 surface was electroded 

with silver paste and silver wires were attached. A bimorph design consisting of two 

oppositely-poled ceramic plates was then used to trially fabricate a photoacoustic device. 

The displacement has been tested to reach 50 um in several seconds and saturate at 120 um 



under a light intensity of 4 mW/cm^ [13]. 

Thin cover glass was then attached to the bimorph sample to reduce the resonance 

frequency and the configuration of the sample is shown in figure 12. By changing the 

frequency of the applied voltage, the mechanical resonance frequency of the bimorph 

samples was initially determined. The mechanical resonance frequency was about 80 Hz 

and mechanical quality factor Q was calculated as 30. 

Finally, by using chopped intermittent irradiation, the sample was illuminated 

alternately on the both sides and voltage was generated across the sample gradually. 

Radiation from a high-pressure mercury lamp (Ushio Electric USH-500D) was passed 

through a UV bandpass filter (Oriel Co., No.59811), an IR blocking filter (Oriel Co., 

No.59060), and an optical focusing lens. A wavelength peak around 370 nm, where the 

maximum photovoltaic effect of PLZT is obtained, was applied to the sample. The dual 

beam method was used in this experiment and the two beams had 180 degree phase 

difference. The experimental setup is shown in figure 13. The mechanical resonance was 

determined by changing the frequency of the chopper. Figure 14 plots the tip deflection of 

this thin-plate attached sample as a function of frequency. The mechanical resonance 

frequency was about 75 Hz, in good agreement with the value electrically excited, and the 

mechanical quality factor Q was also calculated about 30. The maximum displacement of 

this thin-plate attached sample was about 5 um, which seems to be smaller than the level 

required for audible sound. However, the achievement of photo-induced mechanical 

resonance in the audible frequency range suggests the promise of photostrictive PLZT 

bimorph-type devices as photo-acoustic components, or "photophones", for the next 

optical communication age. 

CONCLUSION 

Donor doping into the perovskite B sites was found to reduce the grain size and 

increase the Curie temperature, improving photovoltaic response. The maximum 



photocurrent is obtained for 0.4 at% WO3 doping and the maximum photovoltage is 7 

obtained for 1 at% Ta2Ü5 doping. 

The angular dependence of the photovoltaic current and the corresponding voltage 

on the light polarization orientation with respect to the spontaneous polarization has been 

successfully observed in ceramic samples of PLZT. This angular dependence of the 

photovoltaic current is consistent with the symmetry of the poled ceramic. The difference 

between the peak-peak deviations in the current (2%) and voltage (14%) suggests relatively 

large dependence of photoconductivity on light polarization orientation. 

The dual beam method was used to overcome the slow recovery due to low 

conductivity under no illumination. 

The photostrictive actuators can be driven by the irradiation of light alone, so that 

they will be suitable for use in actuators, to which lead wires can hardly be connected 

because of their ultra-small size or of their employed conditions such as ultra-high vacuum. 

New actuators of this type have considerable effects upon the future micro-mechatronics. 
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Figure Captions 

Fig. 1     SEM photomicrographs of thermally-etched samples of (a) PLZT, (b) PLZT- 

WO3 and (c)PLZT- Ta205. 

Fig. 2     Room-temperature dielectric constant (a) and Curie temperature (b) vs. WO3 

doping level. 

Fig. 3     Room-temperature dielectric constant (a) and Curie temperature (b) vs. Ta2C»5 

doping level. 

Fig. 4     Photovoltaic current, voltage and potential power as a function of dopant 

concentration in WO3 doped PLZT. 

Fig. 5     Photovoltaic current, voltage and potential power as a function of dopant 

concentration in Ta2Ü5 doped PLZT. 

Fig. 6     Experimental set up for light-polarization-dependence measurements. 

Fig. 7     Dependence of the normalized photovoltaic current and photovoltage on the 

direction of the light polarization plane and the light for various WO3 doped 

PLZT samples, (a) 0.4%, (b) 0.5%, (c) 0.6%, and (d) 1%. Solid lines are the 

theoretically fitted curves. 

Fig. 8     Dual beam method for controlling the photostrictive device in quick response. 

Fig. 9     Structure of the photo-driven relay. 

Fig. 10   Structure of the photo-driven micro-walking machine. 

Fig. 11   Position change of the photo-driven micro walking machine with time. 

Fig. 12   The configuration of thin-plate attached bimorph sample. 

Fig. 13   Experimental setup of chopped intermittent irradiation for mechanical resonance 

frequency measurements. 

Fig. 14   Mechanical resonance frequency for WO3 doped PLZT by using a chopped 

intermittent irradiation. 
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Figure 1(b) 
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Figure 1(c) 
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Figure 2: (a) Room-temperature dielectric constant (10 kHz data), and (b) peak temperature 

vs. WO3 doping. 
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REVIEW; PHOTOSTRICTION AND ITS APPLICATIONS 

Kenji Uchino 
International Center for Actuators and Transducers 

Materials Research Laboratory, The Pennsylvania State University 
University Park, PA 16802 

ABSTRACT 

Photostriction in ferroelectrics arises from a superposition of photovoltaic and inverse 
piezoelectric effects. (PbJLa)(Zr,Ti)03 ceramics doped with WO3 exhibit large 
photostriction under irradiation of near-ultraviolet light, and are applicable to remote 
control actuators and photoacoustic devices. Using a bimorph configuration, a photo- 
driven relay and a micro walking device have been developed, which are designed to start 
moving as a result from the irradiation, having neither electric lead wires nor electric 
circuits. Ttie mechanical resonance of the bimorph was also induced by an intermittent 
fflumination of purple-color light; this verified the feasibility of the photostriction to 
"photophone" applications. 

Keywords; Photostriction, Photovoltaic effect. Piezoelectricity, Bimorph, Photoacoustic, 
Photophons, Mechanical resonaance 

INTRODUCTION 

Photostrictive effect is a phenomenon in which strain is induced in the sample when it is muminated. This 
effect is focused especially in the fields of micromecfaanism and optical communicatiort, 

With decreasing the size of miniature robots/actuators, the weight of the electric lead wire connecting die 
power supply becomes significant, and remote control will definitely be required for sub-millimeter devices. 
A photo-driven actuator is a very promising candidate for micro-robots. On the other hand, the key 
components in the optical communication are a solid state laser as a light source, an optical fiber as a 
transfer line, and a display/ a telephone as a visual/audible interface with the human. The former two 
components have been developed fairly successfully, and the photo-acoustic device (i. e. an optical 
telephone or a "photophone") will be eagerly anticipated in the next century. 

Photostrictive devices which are actuated when they receive the energy of light will be particularly suitable 
for use in the above-mentioned fields. In principle, the photostrictive effect arises from a superposition of a 
photovoltaic effect, where a large voltage is generated in a ferroelectric through the irradiation of light,1) and 
a piezoelectric effect, where the material expands or contracts under the voltage applied. Ii is noteworthy 
that this photostriction is neither the thermal dilatation nor the pyroelectrically-produced strain associaied 
with a temperature rise due to the light fflumination. Also the photovoltaic effect mentioned here geasaies 
a greater-than-band-gap voltage (several kV/cm), and is quite different from that based on the p-n junction of 
semiconductors (i. e. solar battery). 



This paper describes the details of the fundamental photostrictive effect in (PbXa)(Zr,Ti)03 ceramics first, 
then introduces its applications to a photo-driven relay, a micro walking machine and a photophone, which 
are designed to function as a result of irradiation, having neither lead wires nor electric circuits. 

PHOTOSTRICTIVE   PROPERTIES 

PRINCIPLE 

The main features of the "bulk" photovoltaic effect are summarized as follows: 
1) This effect is observed in a uniform crystal or ceramic having noncentric symmetry, and is entirely 
different in nature from the p-n junction effect observed in semiconductors. 
2) A steady photovoltage/current is generated under uniform iUumination. 
3) The magnitude of the induced voltage is greater than the band gap energy of the crystal. 

Although the origin of this photovoltaic effect has not been clarified yet, the key point to understand it is 
the necessity of both impurity doping and crystal asymmetry. Figure 1 illustrates one of the proposed 
models, the electron energy band model proposed for (PbXa)(Zr,Ti)03.2'3) The energy band is basically 
generated by the hybridized orbit of p-orbit of oxygen and d-orbit of Ti^Zr. The donor impurity levels 
induced in accordance with La doping (or other dopants) are present slightly above the valence band. The 
transition from these levels with an asymmetric potential due to the crystallographic anisotropy may 
provide the "preferred" momentum to the electron. Electromotive force is generated when electrons excited 
by light move in a certain direction of the ferroelectric crystal, which may arise along the spontaneous 
polarization direction. 

The asymmetric crystal exhibiting a photovoltaic response is also piezoelectric in principle, and therefore, a 
photostriction effect is expected as a coupling of the bulk photovoltaic voltage (EP0) with the piezoelectric 
strain constant (d). 
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Figure 1 Energy band gap model of excited electron transition from impurity level in PLZT. 

INSTRUMENTAION 

The radiation from a high-pressure mercury lamp was passed through infrared-cut optical filters. The light 
with the wavelength peak around 370 run, where the maximum photovoltaic effect of PLZT is obtained, 
was then applied to the sample. A xenon lamp was also used to measure the wavelength dependence of the 
photovoltaic effect The light source was monochromated by a monochromator to 6 nm HWHM. 



Hie photovoltaic voltage under illumination generally reaches several kV/cm, and the current is on the orda 
of nA. The induced current was recorded as a function of the applied voltage over a range -100 V to +100 
V, by means of a high-input impedance electrometer. The photovoltaic voltage and the current were 
determined from the intercepts of the horizontal and the vertical axes, respectively.  The data are shown in 
Hg. 2.3) Photostriction was directly measured by a differential transformer or an eddy current displacement 
sensor. 
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Figure 2 Photocurrent measured as a function of applied voltage under illumination. 

MATERIALS   RESEARCH 

The figure of merit of the photostriction is evaluated by the product of the photovoltaic voltage (EP*1) 2d 
the piezoelectric coefficient (d). PZT based ceramics are currently focused because of their excellent 
piezoelectric properties, i. e. high d values. PLZT is one of such materials, which is also famous as a 
transparent (good sintered without pores) ceramic applicable to electrooptic devices. 

PLZT (x/y/z) samples were prepared in accordance with the following composition formula: 
Pbi.xL^c(Zry,nz)i.xM03. 

Figures 3(a) and 3(b) illustrate the contour maps of the photovoltaic response and the piezoelectric strain 
constant $33 on the PLZT phase diagram/^ The d33 shows the maximum around the morphoteupic 
phase boundary (MPB) between the tetragonal and rhombohedral phases, and increases gradually with 
increasing the La concentration up to 9 mol %. On the contrary, the photovoltage exhibits the maxmrom 
also around the MPB, but in the tetragonal region with 3 mol % of La.  The largest product d33-EPfe was 
obtained with the composition (3/52/48). 

The interrelation of the photovoltaic current with the remanent polarization for the PLZT family is very 
intriguing (Fig. 4) 6) The average remanent polarization exhibiting the same magnitude of photocurrent 
(fillers by 1.7 times between the tetragonal and rhombohedral phases; this suggests the plKto-indoced 
electron excitation is related to the (0 0 1) axis-oriented orbit, i. e. the hybridized orbit of p-orbit of oxygen 
aadd-orbitofTi/Zr. 

Impurity doping on PLZT also affects the photovoltaic response significantly.^) Figure 5 shows the 
photovoltaic response for various dopants with the same concentration of 1 atomic % into the base PLZT 
(3/52/48) under an illumination intensity of 4 mW/cm2 at 366 nm.   The dashed line in Fig. 5 represents 



the constant power curve corresponding to the non-doped PLZT (3/52/48). Regarding the photostriction 
effect, it is known that as the photovoltaic voltage increases, the strain value increases, and with increasing 
photocurrent, there is an increase in the overall response.  The photovoltaic response is enhanced by donor 
doping onto the B-site (Nb5+, Ti5+, W6"*"). On the other hand, impurity ions substituting at the A-site 
and/or acceptor ions substituting at the B-site, whose ionic valences are small (1 to 4), have no significant 
effect on the response.  Figure 6 shows the photovoltaic response plotted as a function of at.% of WO3 

doping concentration. '> Note that the maximum power is obtained at 0.4 at.% of the dopant. 

Even when the composition is fixed, the photostriction still depends on the sintering condition or the grain 
size.5) Figure 7 shows the dependence of the photostrictive characteristics on the grain size. The smaller 
grain sample is preferrable, if it is sintered to a high density. 
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EFFECT OF LIGHT POLARIZATION DIRECTION 

Effect of the light polarization direction on the photovoltaic phenomenon was investigated on the 
polycrystalline PLZT, using an experimental setup shown in Fig. 8(a).8) This experiment is important 
when the photostriction is employed to "photophones", where the sample is illuminated with the polarized 
light traveling through an optical fiber. The rotation angle 0 was taken from the vertical spontaneous 
polarization direction, as shown in Fig. 8(a). Even in a polycrystalline sample, both the photovoltaic 
voltage and current provided the maximum at 0 = 0 and 180 deg and the ininimum at 0 = 90 deg (Fig. 8(b)); 
this also indicates that the contributing electron orbit may be the p-d hybridized orbit mentioned above. 
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Figure 8 (a) Measuring system of the dependence of photovoltaic effect on light polarization direction, and 
(b) photovoltaic voltage and current as a function of the rotation angle. 

DISPLACEMENT MAGNIFICATION  MECHANISM 

Since the maximum strain level of the photostriction is only 0.01 % (this corresponds to 1 |im 
displacement from a 10 mm sample), we need to consider a sophisticated magnification mechanism of the 
displacement We employed a bimorph structure, which is anologous to a bimetal consisting of two 
metalic plates with different thermal expansion coefficients banded together to generate a bending 
deformation according to a temperature change. Two PLZT plates were pasted back to back, but were placed 
in opposite polarization, then connected on the edges electrically, as shown in Fig. 9.3) A purple light 
(366 nm) was shined to one side, which generated a photovoltaic voltage of 7 kV across the length. This 
caused the PLZT plate on that side to expand by nearly 0.01 % of its length, while the plate on the other 
(unlit) side contracted due to the piezoelectric effect through the photovoltage. Since the two plates were 
bonded together, the whole device bent away from the light. For this 20 mm long and 0.35 mm thick bi- 
plate, the displacement at the edge was 150 urn, and the response speed was a couple of seconds. 
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Figure 9 Structure of the photo-driven bimorpfa and its driving principle. 

DEVICE  APPLICATIONS 

In this section we will introduce the applications of photostriction to a photo-driven relay, a micro walking 
machine and a photopfaone, which are designed to function as a result of irradiation, having neither lead. 
wires nor electric circuits. 

PHOTO-DRIVEN  RELAY 

A photo-driven relay was constructed using a FLZT photostrictive bimorpfa as a driver which consists of 
two ceramic plates bonded together with their polarization directions opposing each other (Fig. 10).3) A 
dummy PLZT plate was positioned adjacent to the bimorpfa to cancel the photovoltaic voltage generated on 
the bimorpfa. Utilizing a dual beam method, switching was controlled by alternately irradiating the 
bimorpfa and the dummy. Hie time delay of the bimorpfa that ordinarily occurs in the off process due to a 
low dask conductivity could be avoided, making use of this dual beam method. Figure 11 shows the 
response of a photostrictive bimorpfa made from PLZT doped with 0.5 at% WO3 under an illumination 

intensity of 10 mW/cwr. The amount of displacement observed at a tip of the bimorpfa (20 mm long and 
0.35 mm thick) was ±150 um. A snap action switch was used for the relay. Switching by a displacement 
of several tens of micron was possible with this device. The on/off response of the photo-driven relay is 
shown in Fig. 12. The typical delay time was 1-2 seconds. 
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Figure 10 Stmctore of the photo-driven relay. 
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Figure 11 Up deflection of the bimorph device made from WO3 0.5 at% doped PLZT under a dual beam 

control (illumination intensity: 10 mW/cm^). 
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Figure 12 On/off response of the photo-driven relay. 
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MICRO WALKING DEVICE 

A photo-driven micro walking machine has also been developed using the photostrictive bimorpns. ' It 
was simple in structure, having only two ceramic legs (5mmx 20mmx 035mm) fixed to a plastic board 
(Fig. 13). When the two legs were irradiated with purple light alternately, the device moved like an 
inchworm. The photostrictive bimorph as a whole was caused to bend by ±150 um as if it averted the 
radiation of light The inchworm built on a trial basis exhibited rather slow walking speed (several tens 
fim/min) as shown in Fig. 14, since slip occurred between the contacting surface of its leg and the floor. 
The walking speed can be increased to approximately 1 mm/min by providing some contrivances such as 
the use of a foothold having microgrooves fitted to the steps of the legs. 
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Figure 14 Position change of the photo-driven micro walking machine with time. 

raOTQPHONE 

The technology to transmit voice data (i. e. a phone call) at the speed of light through lasers and fiber optics 
has been advancing rapidly. However, the end of the line — interface speaker - limits the technology, since 
optical phone signals must be converted from light energy to mechanical sound via electrical energy at 
present The photostriction may provide new photoacoustic devices. 
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Figure 15 Experimenal setep for the photo-induced mechanical resonance measurement 



Photo-mechanical resonance of a PLZT ceramic bimorph has been successfully induced using chopped near- 
ultraviolet irradiation, having neither electric lead wires nor electric circuits.^) A thin cover glass was 
attached on the photostrictive bimorph structure to decrease the resonance frequency so as to easily observe 
the photo-induced resonance. Figure 15 shows the experimental setup with an optical chopper. A dual 
beam method was used to irradiate the two sides of the bimorph alternately; intermittendy with a 180 deg 
phase difference. The mechanical resonance was then determined by changing the chopper frequency. 

The tip displacement of the thin-plate-anached sample as a function of chopper frequency is presented in 
Fig. 16. Photo-induced mechanical resonance was successfully observed. The resonance frequency was 
about 75 Hz with the mechanical quality factor Q of about 30. The maximum tip displacement of this 
photostrictive sample was about 5 |im at the resonance point, smaller than the level required for audible 
sound. However, the achievement of photo-induced mechanical resonance in the audible frequency range 
suggests the promise of photostrictive PLZT bimorph-type devices as photo-acoustic components, or 
"photophones", for the next optical communication age. 
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Figure 16 Photo-induced mechanical resonance behavior of the PT.7T bimorph. 

CONCLUSION 

Photostrictive actuators can be driven only by the irradiation of light, so that they will be suitable for use 
in actuators, to which lead wires can hardly be connected because of their ultra-small size or of their 
employed conditions such as ultra-high vacuum or outer space. The photostrictive bimorphs will also be 
applicable to "photophones." The new principle actuators have considerable effects upon the future micro- 
mechatronics. 
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Introduction 
Piezoelectric and electrostrictive actua- 

tors, capable of moving something elec- 
tromecnamcallv, are forming a new field 
between electronic and structural ceram- 
ics.'"3 Application fields are classified into 
three categories: positioners, motors, and 
vibration suppressors. The manufacturing 
precision of optical instruments such as 
lasers and cameras, and the positioning 
accuracy for fabricating semiconductor 
chips, which must be adjusted using solid- 
state actuators, is of the order of 0.1 /am. 
Regarding conventional electromagnetic 
motors, tiny motors smaller than 1 cm3 are 
often required in office or factory automa- 
tion equipment and are rather difficult to 
produce with sufficient energy efficiency. 
Ultrasonic motors whose efficiency is in- 
sensitive to size are superior in the mini- 
motor area. Vibration suppression in space 

x = (Si — Si). ao= dE 
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structures and military vehicles using 
piezoelectric actuators is also a promising 
technology. 

New solid-state displacement transducers 
controlled bv temperature (shape memorv 
alloy) or magnetic field (amorphous mag- 
netostrictive alloy) have been proposed, but 
are generally inferior to the piezoelectric/ 
electrostrictive actuators because of tech- 
nological trends aimed at reduced driving 
power and miniaturization. 

This article reviews recent developments 
of piezoelectric and related ceramic actua- 
tors for smart/intelligent systems. 

Ceramic Actuator Materials 
What happens on an atomic scale when 

a ceramic expands or contracts in response 
to an applied electric held? There are three 
types of strain (defined by the ratio AL/L: 
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figure 1. Diagrammatic explanation of the origins of piezoelectric strain (a) and 
electrostriction (b). 

the amount of deformation with respect 
to the original length) that may be induced 
by an electric field, depending on the crys- 
tal structure: piezoelectric 2Ctrostrictive, 
and phase-change-related     ains. 

Figures la and b show r ..d ion models 
for noncentrosymmetric : piezoelectric) 
and centrosymmetric (electrostrictive) 
crystals, respectively." When an electric 
field is applied to the crystal, the cations 
are displaced in the direction of the field 
and the aruons in the opposite direction. 
The ionic shift differences in noncentro- 
symmetric ceramic can be visualized as 
soft and hard springs, producing piezostric- 
tion. The induced strain is proportional to 
the applied field (i.e. x = dE). For the cen- 
trosymmetric structure in Figure lb, an- 
harmonicitv of the springs is essential, 
resulting in a second-order electrostrictive 
effect. Here the induced strain is propor- 
tional to the square of the field (x=ME2). 

Actual strains in ceramics are induced 
in more complicated ways. The crystal pic- 
tured in Figure la possesses a spontaneous 
polarization. When a large reverse electric 
field is applied in the opposite direction of 
the spontaneous polarization, a transition 
phase is formed which is another stable 
crystal state in which the relative positions 
of the ions are reversed by 180° This tran- 
sition, referred to as polarization reversal, 
causes a jump and hysteresis of the strain 
during an electric-field cycle, superim- 
posed on the pure piezostriction. Non-180° 
polarization reorientation, though not 
shown in the one-dimensional model in 
Figure la, also causes significant contribu- 
tion to the strain hysteresis. 

Modified lead zirconate titanate [PZT, 
Pb(Zr,Ti)03]-based ceramics are currently 
the leading materials for piezoelectric 
applications. The PLZT [(Pb,La)(Zr,Ti)03] 
7/62/38 compound is one such composi- 
tion.7 The strain curve is shown in Fig- 
ure 2a left. When the applied field is 
small, the induced strain is nearly propor- 
tional to the field. As the field becomes 
larger (i.e., greater than about 100 Vmm), 
however, the strain curve deviates from 
this linear trend and significant hysteresis 
is exhibited due to polarization reorienta- 
tion. This sometimes limits the usage of 
this material in actuator applications that 
require nonhystereric response. 

An interesting new family of actuators 
has been fabricated from a barium stan- 
nate titanate [Ba(Sn,Ti)03] solid solution.8 

The useful property of Ba(Sn<u5Tiass)03 is its 
unusual strain curve, in which the domain 
reorientation occurs only at low fields, and 
there is then a long linear range at higher 
fields (Figure 2a right); i.e., the coercive 
field is unusually small. 

On the other hand, electrostriction in 
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Figure 3. Shape-memory effects in an alloy (a) and an antiferroelectric ceramic (b). 

PMN[Pb(MgwNbM)Oj]-based ceramics, 
though a second-order phenomenon of 
electromechanical coupling, is extraordi- 
narily large (more than 0.1%).' An attrac- 
tive feature of these materials is the near 
absence of hysteresis (Figure 2b). 

Concerning the phase-change-related 
strains, polarization induction by switch- 
ing from a macroscopicaJly nonpolar into 
a polar state, as in switching from an anti- 
ferroelectric to a ferroelectric state, has 
been proposed.10 Figure 3 illustrates the 
phase transition mechanism under an ap- 
plied electric field, in comparison with the 
phase change in a shape memory alloy." 
Notice that the strain control is made ther- 
mally in shape memory alloys, leading to 
much slower response and higher drive 
power than in the antiferroelectrics. 

Figure 2c shows the field-induced strain 
curves taken for the lead zirconate stannate- 
based system (PbowNboffiftZr^n,.,),. Ji,)a,, 
O,]. The longitudinally induced strain 
reaches up to 0.4%, which is much larger 
than that expected in normal piezostric- 
tors/electrostnctors. A rectangular-shape 
hysteresis in Figure 2c left, referred to as a 
"digital displacement transducer" because 
of the two on/off strain states, is interest- 
ing. Moreover, this field-induced transition 
exhibits a shape memory effect in appro- 
priate compositions (Figure 2c right). Once 
the ferroelectric phase has been induced, 
the material will "memorize" its ferroelec- 
tric state even under zero-held conditions, 
although it can be erased with the appli- 
cation of a small reverse bias field.12 This 
shape memory ceramic is used in energy- 
saving actuators. 

The fundamental features of ceramic ac- 
tuators may be summarized as follows: 
■ Displacements of up to several tens of 
microns that can be controlled with a pre- 
cision of ±0.01 fj.m. 
■ Response speeds on the order of 10 jxsec 
■ Generative forces as large as 400 kgifcnr. 
■ Driving power an order of magnitude 
smaller than electromagnetic motors. 

As the requirements for ceramic actua- 
tors become more specific, inadequacies 
due to the preparation history of the ce- 
ramic arise in reproducibility of proper- 
ties. High reproducibility is achieved only 
by precise control of the grain/particle 
size, which is not possible utilizing the 
conventional mixed-oxide method of prepa- 
ration. Recent advances in preparation 
technology of ultrafine ceramic powders 
has been useful in producing reliable and 
durable ceramic actuators. The effect of 
grain size on the electrostrictive response 
and the mechanical fracture toughness in 
lead lanthanum zirconate titanate (PLZT 
9/6535) is shown in Figures 4a and 4b.D A 
significant reduction in hysteresis and in 
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the strain magnitude is observed for grain 
sizes less than 1.7 /im, as is a remarkable 
increase in the fracture toughness, sug- 
gesting the existence of an optimum grain 
size around 1 /xm. 

Actuator Designs 
Two of the most popular actuator de- 

signs are multilayers and bimorphs (see 
Figure 5). The multilayer, in which roughly 
100 thin piezoelectric/electrostrictive ce- 
ramic sheets are stacked together, has ad- 
vantages in low driving voltage (100 V), 
quick response (10 fisec), high generative 

a) 

force (100 kgf) and high electromechani- 
cal coupling. But the displacement in the 
range of 10 /xm is not sufficient for some 
applications. This contrasts with the bi- 
morph, consisting of multiple piezoelectric 
and elastic plates bonded together to gen- 
erate a large bending displacement of sev- 
eral hundred fim, but the response (1 msec) 
and the generative force (100 gf) are low. 

A composite actuator structure called 
the "moonie" has been developed to pro- 
vide characteristics intermediate between 
the multilayer and bimorph actuators;14 

this transducer exhibits an order of mag- 
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Figure 4. Grain-size dependence of field-induced strain (a) and Vicker's indentation test (b), 
observed in PLZT 9/65/35. 

nitude larger displacement than the multi- 
layer, and much larger generative force 
with quicker response than the bimorph. 
The device consists of a thin multilayer 
piezoelectric element and two metal plates 
with narrow moon-shaped cavities bonded 
together as shown in Figure 5. The moonie 
with a size of 5 X 5 X 2.5 mm can gener- 
ate a 20-tim displacement under 60 V, 
eight times as large as the generative 
displacement of the multilayer with the 
same size.b This new compact actuator 
has been applied to make a miniaturized 
laser beam scanner. 

Applications of Piezoelectric/ 
Electrostrictive Actuators 

Piezoelectric/electrostrictive actuators 
may be classified into two categories, based 
on the type of driving voltage applied to 
the device and the nature of the strain in- 
duced by the voltage (Figure 6): (1) rigid 
displacement devices for which the strain 
is induced unidirectionally along an ap- 
plied dc field, and (2) resonating displace- 
ment devices for which the alternating 
strain is excited by an ac field at the me- 
chanical resonance frequency (ultrasonic 
motors). The first can be further divided 
into two types: servo displacement trans- 
ducers (positioners) controlled by a feed- 
back system through a position-detection 
signal, and pulse-drive motors operated in 
a simple on/off switching mode. An actua- 
tor referred to as a flight actuator has been 
proposed that strikes a steel ball by means 
of a pulse-drive unit made from a multi- 
layer piezo-device similar to that found in 
a pinball machine.16 

The material requirements for these 
classes of devices are somewhat different, 
and certain compounds will be better suited 
to particular applications. The ultrasonic 
motor, for instance, requires a conventional 
hard-type piezoelectric with a high me- 
chanical quality factor Q. The servo- 
displacement transducer suffers most from 
strain hysteresis and, therefore, a PMN 
electrostrictor is used for this purpose. The 
pulse-drive motor requires a low permit- 
tivity material aiming at quick response 
rather than a small hysteresis so that soft- 
PZT piezoelectrics are preferred to the 
high-permittivity PMN for this application. 

Three typical application examples will 
now be considered. 

Deformable Mirror 
In the field of optical information pro- 

cessing, deformable mirrors have been 
proposed to control the phase of the inci- 
dent light wave. The deformable mirror 
can be made convex or concave on the 
surface as necessary. This type of mirror, 
which is applicable to an accessory device 
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Figure 5. Typical designs for ceramic actuators: multilayer, moonie. and bimorph. 
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on observatory telescopes, effectively cor- 
rects for image distortions resulting from 
fluctuating airflow. 

An example of a deformable mirror is 
the two-dimensional multimorph type il- 
lustrated in Figure 7.ms When three lay- 
ers of thin electrostrictive ceramic (PMN) 
plates are bonded to the elastic plate of a 
glass mirror, the mirror surface is deformed 
in various ways corresponding to the strain 
induced in the PMN layers. The nature of 
the deformation is determined by the elec- 
trode configurations and the distribution 
of the applied electric field. Trial devices 
have been designed by finite element meth- 
ods such that the first layer, with a uniform 
electrode pattern, produces a spherical 
deformation (i.e., refocusing), while the 
second layer, with a 6-divided electrode 
pattern, corrects for coma aberration. 

Aberration correction using such a simple 
three-layered device makes the image clear 
to the human eye. One may relate this situ- 
ation to an eye examination at the optome- 
trist. First you are asked "Which lens fits 
you best?' to adjust the focus degree. Then, 
"Do you have an uneven orientation distri- 
bution?" to correct the astigmatism. Usu- 
ally, an optometrist does not further 
optically correct your lenses. Correction 
up to the second order is sufficient for the 
human eye. 
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Figure 6. Classification of piezoelectric/electrostrictive actuators. 

Figure 7. Structure of a multimorph 
deformable mirror (a) and actual control 
of light wavefront (b). 

MRS BULLETIN/APRIL 1993 45 



Ceramic Actuators: Principles and Applications 

Impact Dot-Matrix Printer 
Among the various types of printing 

devices, dot matrix printers are routinely 
employed at present. Each character 
formed by such a printer is composed of a 
24 X 24-dot matrix. A printing ribbon is 
subsequently impacted by a multiwire ar- 
ray. A sketch of the printer head appears 
in Figure 8a.19 

The printing element is composed of 
a multilayer piezoelectric device, in 
which 100 thin ceramic sheets 100 /xm in 
thickness are stacked, together with a 
sophisticated magnification mechanism 
(Figure 8b). The advantages of using a 
multilayer actuator for this particular ap- 
plication include a low driving voltage, 
large displacement, and a high electrome- 
chanical coupling. The magnification unit 
is based on a monolithic hinged lever with 
a magnification of 30, resulting in an am- 
plified displacement of 0.5 mm and an en- 
ergy transfer efficiency greater than 50%. 

The merits of the piezoelectric impact 
printer compared with the conventional 
electromagnetic types are: (1) higher print- 
ing speed by an order of magnitude, 
(2) lower energy consumption by an order 
of magnitude, and (3) reduced print- 
ing noise, which can be obtained with a 
sound shield because the actuators do not 
generate much heat. 

Ultrasonic Motor 
Efforts have been made to develop high- 

power ultrasonic vibrators as replacements 
for conventional electromagnetic motors. 
Two categories are being investigated for 
ultrasonic motors: a standing-wave type 
and a propagating-wave type. 

The standing-wave type is sometimes 
referred to as a vibratory-coupler type or a 
"woodpecker" type, where a vibratory 
piece is connected to a piezoelectric driver 
and the tip portion generates flat-elliptical 
movement. Attached to a rotor or a slider, 
the vibratory piece provides intermittent 
rotational torque or thrust. The standing- 
wave type has, in general, high efficiency, 
but lack of control in both clockwise and 
counterclockwise directions is a problem. 

An ultrasonic linear motor equipped 
with a multilayer piezoelectric actuator 
and fork-shaped metallic legs has been de- 
veloped as shown in Figure 9.20 Since there 
is a slight difference in the mechanical 
resonance frequency between the two legs, 
the phase difference between the bending 
vibrations of both legs can be controlled 
by changing the drive frequency. The 
walking slider moves in a way similar to a 
horse using its fore and hind legs when 
trotting. A trial motor 20 X 20 X 5 mm3 in 
dimension exhibited a maximum speed 
of 20 cm/s and a maximum thrust of 
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Figure 8. Structure of a printer head (a) and a differential-type piezoelectric printer-head 
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Figure 9. Ultrasonic linear motor of a vibrator}/ coupler type. 

0.2 kgf with a maximum efficiency of 
20%, when driven at 98 kHz of 6 V (actual 
power —0.7 W). This motor has been em- 
ployed in a precision X-Y stage. 

By comparison, the propagating-wave 
type (a surface-wave or "surfing" type) com- 
bines two standing waves with a 90° phase 
difference both in time and in space, and is 
controllable in both rotational directions. 

By means of the traveling elastic wave 
induced by the thin piezoelectric ring, a 
ring-type slider in contact with the "rip- 
pled" surface of the elastic body bonded 
onto the piezoelectric is driven in both di- 
rections by exchanging the sine and cosine 
voltage inputs. Another advantage is its 
thin design, which makes it suitable for 

installation in VCR or movie cameras as 
an automatic focusing device.3 

Future Developments of 
Ceramic Actuators 

It is evident that the application field 
of ceramic actuators is remarkably wide. 
There still remain, however, problems in 
durability and reliability that need to be 
addressed before these devices can become 
general-purpose commercialized prod- 
ucts. Investigations are primarily focused 
on the areas of material preparation, device 
design, and systemization of the actua- 
tor. In particular, current topics include 
the preparation of homogeneous fine- 
grained ceramics by means of wet chemical 
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methods,13 moonie actuators,-4 pulse-drive 
techniques based on analysis of transient 
vibrations and vibration suppression,23 and 
prediction of breakdown within a ceramic 
actuator by means of acoustic emission 
measurements.24 

Piezoceramic:carbon:polymer composites 
and photostrictive actuators have been 
under recent development for mechanical 
vibration suppression and remote control/ 
drive of the actuator. These devices are de- 
scribed in the closing sections. 

Piezoelectric Damper 
The passive damper application is a 

smart usage of piezoelectrics, where me- 
chanical noise vibration is radically sup- 
pressed by the converted electric energy 
dissipation through Joule heat when a 
suitable resistance, equal to an impedance 
of the piezoelectric element 1/coC, is con- 
nected to the piezo-element.23 Piezoce- 
ramic:carbon black:polymer composites 
are promising designs for practical appli- 
cations (see Figure 10). The minimum 
damping time constant (i.e., quickest 
damping) is obtained at 6 vol % of carbon 
black, where a drastic electric conductivity 
change is observed (percolation thresh- 
old). The vibration suppression effect is 
greatly enhanced by using a higher elec- 
tromechanical coupling material. 

Photostrictive Actuator 
A photostrictive actuator is a fine ex- 

ample of an intelligent material incor- 
porating illumination sensing and self 
production of drive/control voltage to- 
gether with final actuation. In certain fer- 
roelectrics, a constant electromotive force 
is generated with exposure of light, and a 
photostrictive strain results from the cou- 
pling of this bulk photovoltaic effect to in- 
verse piezoelectricity. 
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Figure 10. Passive damper using a 
piezoceramic/polymer composite. 
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A bimorph unit has been made from 
PLZT (3/52/48) ceramic doped with slight 
additions of niobium and tungsten.27 The 
remnant polarization of one PLZT layer is 
parallel to the plate and in the direction 
opposite to that of the other plate. When a 
violet light is irradiated to one side of the 
PLZT bimorph, a photovoltaic voltage of 
0.7 kV7mm is generated, causing a bending 
motion. The displacement observed at the 
tip of a 20 mm bimorph 0.4 mm in thick- 
ness is 150 jim, with a response time of 
1 sec. 

A photo-driven micro walking device, 
designed to begin moving by light illumi- 
nation, has been developed.28 As shown in 
Figure 11, it is simple in structure, having 
neither lead wires nor electric circuitry, 
with two bimorph legs fixed to a plastic 
board. When the legs are irradiated alter- 
nately with light, the device moves like an 
inchworm with a speed of 100 ftm/min. 

Summary 
In summary, piezoelectric/electrostrictive 

actuators and ultrasonic motors are ex- 
pected to increase in market share to more 
than $10 billion in 1998, and a bright future 
is anticipated in many application fields. 
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NEW PIEZOELECTRIC DEVICES 
FOR SMART ACTUATOR/SENSOR SYSTEMS 

Kenji Uchino 
International Center for Actuators and Transducers 
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Abstract. In these several years, piezoelectric and electrostrictive materials have bocorae 
key components in smart actuator/sensor systems such as precision positioners, miniature 
ultrasonic motors and adaptive mechanical dampers. This paper reviews recent applications 
of piezoelectric and related ceramics to actuators and sensors, including the improvement of 
actuator materials, design of the devices, drive/control techniques and integration of 
actuators and sensors. 

1 Introduction 

Evolutionary steps of the materials include trivial, smart, intelligent and finally wise 
materials. The conductor and elastic, which generate current and strain output, 
respectively, for the input, voltage or stress (well-known phenomena!), are called trivial 
materials. On the contrary, the pyroelectric and piezoelectric, which generate the electric 
field for the input of heat or stress (unexpected phenomena!), are called smart materials. 
These off-diagonal couplings have a corresponding converse effect such as electrocaloric 
and inverse-piezoelectric effects, and both "sensing" and "actuating" functions can be 
realized in the same materials. An example is found in the electronic shock absorber of 
automobile suspension (Fig.l) by Toyota Motors[l]. The sensor to detect the road 
roughness and the actuator to change the valve position to change the shock absorbing rate 
are both multilayered piezoelectric devices. Intelligent materials must possess a 
"drive/control" function which is adaptive to the environmental condition change, in 
addition to the actuator and sensor functions. Photostrictor is a good example. Finally, if 
the material would obtain morality such as "this motion may cause a trouble to the human," 
and would stop the actuation by itself, it would be called a wise material. 

Among the smart soüd-state actuators, capable of moving something mechanically, 
controlled by temperature (shape memory alloy), magnetic field (magnetostrictive alloy) 
and electric field (piezoelectric/electrostrictive ceramic), the former two are generally 
inferior to the piezoelectric actuators because of technological trends aimed at reduced 
driving power and miniaturization. 

This article reviews recent applications of piezoelectric and related ceramics to smart 
actuator/sensor systems, including the improvement of actuator materials, design of the 
devices, drive/control techniques and integration of actuators and sensors. 

Piezoelectric actuators are forming a new field between electronic and structural ceramics 
[2-4].   Application fields are classified into three categories: positioners, motors and 
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vibration suppressors. The manufacturing precision of optical instruments such as lasers 
and cameras, and the positioning accuracy for fabricating semiconductor chips, which must 
be adjusted using solid-state actuators, is of the order of 0.1 |i.m. Regarding conventional 
electromagnetic motors, tiny motors smaller than 1 cnw are often required in office or 
factory automation equipment and are rather difficult to produce with sufficient energy 
efficiency. Ultrasonic motors whose efficiency is insensitive to size are superior in the 
mini-motor area. Vibration suppression in space structures and military vehicles using 
piezoelectric actuators is also a promising technology. 
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Smart electronic shock absorber of automobile suspension with a piezoelectric 
sensor/actuator system. 

2 Ceramic Actuator Materials 

2.1 PRACTICAL ACTUATOR MATERIALS 

Actuator materials are classified into three categories; piezoelectric, electrostrictive and 
phase-change materials. Modified lead zirconate titanate [PZT, Pb(Zr,Ti)03] ceramics are 
currently the leading materials for piezoelectric applications. The PLZT [(Pb,La)(Zr,Ti)03] 
7/62/38 compound is one such composition [5]. The strain curve is shown in Fig.2(a) left. 
When the applied field is small, the induced strain is nearly proportional to the field (x = 
dE). As the field becomes larger (i.e., greater than about 100 V/mm), however, the strain 
curve deviates from this linear trend and significant hysteresis is exhibited due to 
polarization reorientation. This sometimes limits the usage of this material in actuator 
applications that require nonhysteretic response. 

An interesting new family of actuators has been fabricated from a barium stannate titanate 
solid solution [Ba(Sn,Ti)C»3] [6]. The useful property of Ba(Sno.l5Tio.85)03 is its 
unusual strain curve, in which the domain reorientation occurs only at low fields, and there 
is then a long linear range at higher fields (Fig.2(a) right); i.e., the coercive field is 
unusually small. 

On the other hand, electrostriction in PMN [Pb(Mgi/3Nb2/3)03] based ceramics, though a 
second-order phenomenon of electromechanical coupling (x = ME2), is extraordinarily 
large (more than 0.1 %) [7]. An attractive feature of these materials is the near absence of 
hysteresis (Fig.2(b)). The superiority of PMN to PZT was demonstrated in a Scanning 
Tunneling Microscope (STM) [8]. The PMN actuator could provide extremely small 
distortion of the image even when the probe was scanned in the opposite direction. 
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Concerning the phase-change-related strains, polarization induction by switching from an 
SB to a ferroelectric state, has been proposed [9]. Figure 2(c) shows the 
field-induced strain curves taken for the lead zirconate stannate based 
system[PbO 99Nb0 02((ZrxSni-x)UyTiy)0.98O3]. The longitudinally induced strain 
reaches up to 0.4%, which is much larger than that expected in normal piezostnctors or 
electrostrictors. A rectangular-shape hysteresis in Fig.2(c) left, referred to as a digital 
disDlacementtransduj££" because of the two on/off strain states, is interesting. Moreover, 
this field-inducedI transition exhibits a shape memory effect in appropriate compositions 
(Fie 2(c) right). Once the ferroelectric phase has been induced, the material will 
"memorize" its ferroelectric state even under zero-field conditions, although it can be erased 
with the application of a small reverse bias field [10]. This shape memory ceramic is used 
in energy saving actuators. A latching relay in Fig.3 is composed of a shape memory 
ceramic uniraorph and a mechanical snap action switch, which is driven by a pulse voltage 
of 4ms. Compared with the conventional electromagnetic relays, the new relay is much 
simple and compact in structure with almost the same response time. 



182 

2.2 NOVEL ACTUATOR MATERIALS 

A monomorph device has been developed to replace the conventional bimorphs, with 
simpler structure and manufacturing process. The principle is a superposed effect of 
piezoelectricity and semiconductivity (Fig.4) [11]. The contact between a semiconductor 
and a metal (Schottky barrier) causes non-uniform distribution of the electric field, even in 
a compositionally uniform ceramic. Suppose that the ceramic possesses also 
piezoelectricity, only one side of a ceramic plate tends to contract, leading to a bending 
deformation in total. A monomorph plate with 30mm in length and 0.5 mm in thickness 
can generate 200|im tip displacement, in equal magnitude of that of the conventional 
bimorphs [12]. The "rainbow" actuator by Aura Ceramics [13] is a modification of the 
above-mentioned semiconductive piezoelectric monomorphs, where half of the piezoelectric 
plate is reduced so as to make a thick semiconductive electrode to cause a bend. 

A photostrictive actuator is a fine example of an intelligent material, incorporating 
"illumination sensing" and self production of "drive/control voltage" together with final 
"actuation." In certain ferroelectrics, a constant electromotive force is generated with 
exposure of light, and a photostrictive strain results from the coupling of this bulk 
photovoltaic effect to inverse piezoelectricity. A bimorph unit has been made from PLZT 
3/52/48 ceramic doped with slight addition of tungsten [14]. The remnant polarization of 
one PLZT layer is parallel to the plate and in the direction opposite to that of the other plate. 
When a violet light is irradiated to one side of the PLZT bimorph, a photovoltage of 1 
kV/mm is generated,causing a bending motion. The tip displacement of a 20mm bimorph 
0.4mm in thickness was 150(im, with a response time of 1 sec. 

A photo-driven micro walking device, designed to begin moving by light illumination, has 
been developed [15]. As shown in Fig.5, it is simple in structure, having neither lead 
wires nor electric circuitry, with two bimorph legs fixed to a plastic board. When the legs 
are irradiated alternately with light, the device moves like an inchworm with a speed of 
100|im/min. 

3 Actuator Designs 

Two of the most popular actuator designs are multilayers and bimorphs (see Fig.6). The 
multilayer, in which roughly 100 thin piezoelectric/electrostrictive ceramic sheets are 
stacked together, has advantages in low driving voltage (100V), quick response (10|isec), 
high generative force (lOOkgf) and high electromechanical coupling. But the displacement 
in the range of lO^m is not sufficient for some applications. This contrasts with the 
himorph. consisting of multiple piezoelectric and elastic plates bonded together to generate 
a large bending displacement of several hundred (im, but the response (1msec) and the 
generative force (lOOgf) are low. 

A composite actuator structure called the "moonie" has been developed to provide 
characteristics intermediate between the multilayer and bimorph actuators; this transducer 
exhibits an order of magnitude larger displacement than the multilayer, and much larger 
generative force with quicker response than the bimorph [ 16]. The device consists of a thin 
multilayer piezoelectric element and two metal plates with narrow moon-shaped cavities 
bonded together as shown in Fig.6.  The moonie with a size of 5 x 5 x 2.5 mm can 
generate a 20\im displacement under 60V, eitht times as large as the generative 
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displacement of the multilayer with the same size [17]. This new compact actuator has 
been applied to make a miniaturized laser bean scanner. 

4 Drive/Control Techniques 

Piezoelectric/electrostrictive actuators may be classified into two categories, based on the 
type of driving voltage applied to the device and the nature of the strain induced by the 
voltage (Fig.7): (1) rigid displacement devices for which the strain is induced 
unidirectionally along an applied dc field, and (2) resonating displacement devices for 
which the alternating strain is excited by an ac field at the mechanical resonance frequency 
(ultrasonic motors). The first can be further divided into two types: servo displacement 
transducers (positioners) controlled by a feedback system through a position-detection 
signal, and pulse-drive motors operated in a simple on/off switching mode, exemplified by 
dot-matrix printers. 

The materials requirements for these classes of devices are somewhat different, and certain 
compounds will be better suited to particular applications. The ultrasonic motor, for 
instance, requires a very hard type piezoelectric with a high mechanical quality factor Q, 
leading to the suppression of heat generation. Driving the motor at the antiresonant 
frequency, rather than at the resonant state, is also an intriguing technique to reduce the 
load on the piezo-ceramic and the power supply [18]. The servo-displacement transducer 
suffers most from strain hysteresis and, therefore, a PMN electrostrictor is used for this 
purpose. The pulse-drive motor requires a low permittivity material aiming at quick 
response with a certain power supply rather than a small hysteresis so that soft PZT 
piezoelectrics are preferred to the high-permittivity PMN for this application. 

Pulse drive, techniques of the ceramic actuator is very important for improving the response 
of the device [19]. Figure 8 shows transient vibrations of a bimorph excited after a 
pseudo-step voltage is applied. The rise time is varied around the resonance period. It is 
concluded that the overshoot and ringing of the tip displacement is completely suppressed 
when the rise time is precisely adjusted to the resonance period of the piezo-device. A 
flight actuator was developed using a pulse-drive piezoelectric element and a steel ball. A 
2mm steel ball can be hit up to 20mm by a 5^m displacement induced in a multilayer 
actuator with quick response [19]. A dot-matrix printer head has been trially manufactured 
using a flight actuator as shown in Fig.9 [20]. By changing the drive voltage pulse width, 
the movement of the armature was easily controlled to realize no vibrational ringing or 
double hitting. 

5 Device Applications 

5.1 PRECISION POSITIONERS 

Deformable mirrors and "nubble" telescopes have been proposed using multilayer PMN 
electrostrictive actuators to control the phase of the incident light wave in the field of optical 
information processing [21,22]. The PMN actuators also have been installed in precision 
cutting machines [23]. Fig. 10 shows a micro-displacement transducer composed of a 
PMN multilayer actuator, a magneto-resistive strain sensor and an adaptive control 
circuitry, which was installed at the bottom of the cutting tool. The feedback control has 
suppressed the position deviation of the cutting edge when pushing stress was produced 
during cutting process.  Figures 11(a) and 11(b) show the edge position change under 
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external stresses without and with the feedback system, respectively. The cutting accuracy 

in less than O.OljJ. was available. 

5.2 VIBRATION SUPPRESSORS 

Noise vibrations in automobiles and space structures can be suppressed significantly with 
using smart ceramic actuators [24]. The above-mentioned automobile suspension [1] is a 
good example (Fig.l). The roughness of the road is detected as a vibration acceleration 
with a 5-layered piezosensor, and the signal is fed-back to a 88-layered piezoactuator 
through a power amplifier, in order to change the shock-absorption control valve. This 
feedback system can provide the controllability and the comfortability of a car 
simultaneously. 

Passive damper application is another smart usage of piezoelectrics, where mechanical 
noise vibration is radically suppressed by the convened electric energy dissipation through 
Joule heat when a suitable resistance, equal to an impedance of the piezoelectric element 
1/coC, is connected to the piezo-element [25]. Piezoceramic:carbon black:polymer 
composites are promising useful designs for practical application. Figure 12 shows the 
damping time constant change with volume percentage of the carbon black. The minimum 
time constant (i.e. quickest damping) is obtained at 6 % of carbon black, where a drastic 
electric conductivity change is observed (percolation threshold) [26]. 

Piezoelectric gyro-sensors are now widely used to detect the noise motion of a handy video 
camera. 
Figure 13 shows a Tokin's cylinder type gyroscope [27]. Among the 6 electrode strips, 
two of them are used to excite'total vibration and the other two pairs of electrode are used to 
detect the Corioli's force or the rotational acceleration cause by the hand motion. By using 
the gyro signal, the image vibration can be compensated electrically on a monitor display. 

5.3 SMALL MOTORS 

A dot matrix printer is an example of pulse drive motors. Each character formed by such a 
printer is composed of a 24 x 24 dot matrix. A printing ribbon is subsequently impacted by 
a multiwire array. A sketch of the printer head appears in Fig. 14(a) [28]. The printing 
element is composed of a multilayer piezoelectric device, in which 100 thin ceramic sheets 
100|im in thickness are stacked, together with a sophisticated magnification mechanism 
(Fig. 14(b)). The magnification unit is based on a monolithic hinged lever with a 
magnification of 30, resulting in an amplified displacement of 0.5 mm and an energy 
transfer efficiency greater than 50%. The merits of the piezoelectric impact printer 
compared with the conventional electromagnetic types are: (1) higher printing speed by an 
order of magnitude, (2) lower energy consumption by an order of magnitude, and (3) 
reduced printing noise, which can be obtained with a sound shield because the actuators do 
not generate much heat. 

Efforts have been made to develop high-power ultrasonic vibrators as replacements for 
conventional electromagnetic motors. The ultrasonic motor is characterized by "low speed 
and high torque," which is contrasted with "high speed and low torque" of the 
electromagnetic motors. Two categories are being investigated for ultrasonic motors: a 
standing-wave type and a propagating-wave type. 

The standing-wave type is sometimes referred to as a vibratory-coupler type or a 
"woodpecker" type, where a vibratory piece is connected to a piezoelectric driver and the 
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tin portion generates Hat-elliptical movement. Attached to a rotor or a slider, the vibratory 
niece provides intermittent rotational torque or thrust. The standing-wave type has , m 
general, high efficiency, but lack of control in both clockwise and counterclockwise 
directions is a problem. 

An ultrasonic linear motor equipped with a multilayer piezoelectric actuator and fork-shaped 
metallic legs has been developed as shown in Fig.15 [29]. Since there is a slight difference 
in the mechanical resonance frequency between the two legs, the phase difference between 
the bending vibrations of both legs can be controlled by changing the drive frequency. The 
walking süder moves in a way similar to a horse using its fore and hind legs when trotting. 
A trial motor 20 x 20 x 5 mm3 in dimension exhibited a maximum speed of 20 cm/s and a 
maximum thrust of 0.2 kgf with a maximum efficiency of 20%, when driven at 98kHz of 
6V (actual power = 0.7 W). This motor has been employed in a precision X-Y stage. 

By comparison, the propapnting-wave type (a surface-wave or "surfing" type) combines 
two standing waves with a 90 degree phase difference both m time and in space, and is 
controllable in both rotational directions (Fig. 16) [30]. By means of the traveling elastic 
wave induced by the thin piezoelectric ring, a ring-type slider in contact with the tippled 
surface of the elastic body bonded onto the piezoelectric is driven in both directions by 
exchanging the sine and cosine voltage inputs. Another advantage is its thin design, which 
makes it suitable for installation in cameras as an automatic focusing device 80 % of the 
exchange lenses in Canon's "EOS" camera series have already been replaced by the 
ultrasonic motor mechanism. 

6 Future of Ceramic Actuators 

18 vears have passed since the intensive development of piezoelectric actuators began and, 
Dresently the focus has been shifted to practical device applications. Piezoelectric shutters 
(Minolta'Camera) and automatic focusing mechanisms in cemeras (Canon), dot-matnx 
nrinters (NEC) and part-feeders (Sanki) are now commercialized and mass-produced by 
tens of thousands of pieces per month. During the commercialization, new designs and 
drive-control techniques of the ceramic actuators have been mainly developedI in the past 
few vears A number of patent disclosures have been found particularly lnNEL, 1U1U 
Corporation, Matsushita Electric, Brother Industry, Toyota Motors, Tokin, Hitachi Metal, 
Toshiba etc. 

Several vears ago Mr. T. Sekimoto, President of NEC, expressed his desire to the 
piezoelectric actuators in his New Year's speech that the market-share of piezoelectric 
actuators and their employed devices would reach up to $10 billion ($10™) ini the future 
If we estimate the annual sales in 2000, ceramic actuator units, camera-related devices and 
ultrasonic motors will be expected to reach $500 million, $300 million and $150 million, 
respectively. Regarding the final actuator-related products, $10 billion will not be very 
different from the realistic amount 

It is evident that the application field of ceramic actuators is remarkably wide. There still 
remain however, problems in durability and reliability that need to be overcome before 
these devices can become general-purpose commercialized products. The final goal is, ot 
course to develop much tougher actuator ceramics mechanically and electrically. 
However, the reliability can be improved significantly if the destruction symptom ot the 
actuator is monitored. 
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Safety which is the number one priority of a famous airline company, will be also 
important in actuator systems. We have proposed an intelligent actuator system composed 
of two feedback mechanisms: position feedback which can compensate the position drift 
and the hysteresis, and breakdown detection feedback which can stop the actuator system 
safely without causing any serious damages onto the work, e.g. in a lathe machine (Fig. 17) 
[31 ] Acoustic emission measurement of a piezo-actuator under a cyclic electric field is a 
good predictor for the life time [32]. Acoustic emission (AE) was detected largely when a 
crack propagate in the ceramic actuator at the maximum speed. During a normal drive of a 
100-layer piezoelectric actuator, the number of AE was counted and a drastic increase by 
three orders of magnitude was detected just before the complete destruction (Fig. 18). Note 
that part of the piezo-device can be utilized as an AE sensor. 

Future research and development should focus on superior systems ecologically (i.e. fit for 
human!) as well as technologically. Safety systems, which can monitor the fatigue or the 
destruction symptom of materials/devices, and stop the equipment safely without causing 
serious problems, will be desired; which seem to be already "wise" materials/systems. 
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Advances in ceramic actuator materials 

Kenji Uchino 
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Piezoelectric and electrostrictive actuators, capa- 
ble of moving something electromechanically, are 
forming a new field between electronic and structural 
ceramics. The application fields are classified into 
three categories: positioners, motors and vibration 
suppressors. The manufacturing precision of optical 
instruments such as lasers and cameras, and the po- 
sitioning accuracy for fabricating semiconductor chips 
are of the order of 0.1 um, which must be adjusted 
using solid-state actuators. Regarding conventional 
electromagnetic motors, tiny motors smaller than 1 
cm3, are often required in equipment for office use or 
for factory automation and are rather difficult to pro- 
duce with sufficient energy efficiency. Ultrasonic 
motors whose efficiency is insensitive to size are su- 
perior in the minimotor area. Vibration suppression 
in space structures and vehicles using piezoelectric 
actuators is also a promising technology. New solid- 
state displacement transducers controlled by temper- 
ature (shape memory alloy) or magnetic field (mag- 
netostrictive alloy) have been proposed, but are gen- 
erally inferior to the piezoelectric/electrostrictive 
actuators because of technological trends aimed at 
reduced driving power and at miniaturization. 

Ceramic actuator materials are classified into three 
categories; piezoelectric, electrostrictive and phase- 
change materials. Modified lead zirconate titanate 
[PZT, Pb(Zr, Ti)03] ceramics are currently the 
leading materials for piezoelectric applications. The 
compound PLZT [(Pb,La)(Zr,Ti)03] 7/62/38 is 
one such composition. The strain curve is shown on 
the left in Fig. la. When the applied field is small, the 

induced strain is nearly proportional to the field 
{x=dE). As the field becomes larger, however, the 
strain curve deviates from this linear trend and sig- 
nificant hysteresis is exhibited due to polarization 
reorientation. This sometimes limits the usage of this 
material in actuator applications that require non- 
hysteretic response. An interesting new family of ac- 
tuators has been fabricated from barium stannate ti- 
tanate [Ba(Sn,Ti)03] solid solution. The useful 
property of Ba(Sn0.i5Tia85)O3 is a very unusual strain 
curve, in which the domain reorientation occurs only 
at low fields and there is then a long linear range at 
higher fields (Fig. la, right-hand side). 

On the other hand, electrostriction in PMN 
[Pb(Mg1/3Nb2/3)03] based ceramics, though a sec- 
ond-order phenomenon of electromechanical cou- 
pling (x=ME2), is extraordinarily large (more than 
0.1%). An attractive feature of these materials is the 
near absence of hysteresis (Fig. lb). The superiority 
of PMN to PZT was demonstrated in a scanning tun- 
neling microscope (STM). The PMN actuator could 
provide extremely small distortion of the image even 
when the probe was scanned in the opposite direction. 

With regard to the phase-change related strains, 
polarization induction by switching from an antifer- 
roelectric to a ferroelectric state, has been proposed. 
Fig. lc shows the field-induced strain curves taken 
for the lead zirconate stannate based system 
[Pbo.99Nb0.o2((ZrvSnl_.v)1_J,Tiy)o.9803]. The longi- 
tudinally induced strain reaches up to 0.4%, which is 
much larger than that expected in normal piezostric- 
tors or electrostrictors. A rectangular-shaped hyster- 

0167-577x/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
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Fig.  1. Electric field-induced strains in ceramics:   (a)  piezoelectric (Pb,La)(Zr,Ti)03 and Ba(Sn,Ti)03;   (b)  electrostrictor 
Pb(Mg1/3Nb2/3,Ti)03; (c) phase-change material Pb(Zr,Sn,Ti)03. 

esis in Fig. 1 c, left-hand side, is referred to as a "dig- 
ital displacement transducer" because of the two on/ 
off strain states. Moreover, this field-induced transi- 
tion exhibitByashape memory effect in appropriate 
compositions (Fig. lc, right-hand side). Once the 
ferroelectric phase has been induced, the material will 
"memorize" its ferroelectric state even under zero- 
field conditions, although it can be erased with the 
application of a small reverse bias field. This shape 
memory ceramic is used in energy saving actuators 
such as latching relays. Compared with the conven- 
tional electromagnetic relays, the new relay is much 
simpler and more compact in structure with almost 
the same response time. 

Two of the most popular actuator designs are mul- 
tilayers and bimorphs (Fig. 2). The multilayer, in 
which roughly 100 thin piezoelectric/electrostrictive 
ceramic sheets are stacked together, has the advan- 
tages of: low driving voltage (50 V), quick response 
(10 us), high generative force (1 kN) and high elec- 
tromechanical coupling. But the displacement in the 

Fig. 2. Typical designs for ceramic actuators: multilayer, moonie 
and bimorph. 
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range of 10 um is not sufficient for some applica- 
tions. This contrasts with the bimorph consisting of 
multiple piezoelectric and elastic plates bonded to- 
gether to generate a large bending displacement of 
several hundred microns, but the response (1 ms) and 
the generative force (1 N) are low. 

A composite actuator structure called the "moonie" 
has been developed to provide characteristics inter- 
mediate between the multilayer and bimorph actua- 
tors; this transducer exhibits a displacement an order 
of magnitude larger than the multilayer, and a much 
larger generative force with a quicker response than 
the bimorph. The device consists of a thin multilayer 
piezoelectric element and two metal plates with nar- 
row moon-shaped cavities bonded together as shown 
in Fig. 2. A moonie with a size of 5 X 5 X 2.5 mm can 
generate a 20 um displacement under 60 V, which is 
eight times as large as the generative displacement of 
the multilayer having the same size. This new com- 
pact actuator has been applied to make a miniatur- 
ized laser beam scanner. 

A monomorph device has been developed to re- 
place to conventional bimorphs, with simpler struc- 
ture and manufacturing process. The principle is a 
superimposed effect of piezoelectricity with semi- 
conductivity. The contact between a semiconductor 
and a metal electrode (Schottky barrier) causes non- 
uniform distribution of the electric field, even in a 
compositionally uniform ceramic. Suppose that the 
ceramic possesses also piezoelectricity, only one side 
of a ceramic plate tends to contract, leading to a 
bending deformation in total. 

A monomorph plate with 20 mm in length and 0.4 
mm in thickness can generate 200 urn tip displace- 
ment, in equal magnitude ofthat of the conventional 
bimorphs. The "rainbow" actuator is a modification 
of the abovementioned semiconductive piezoelectric 
monomorphs, where half of the piezoelectric plate is 
reduced so as to make a thick semiconductive elec- 
trode to cause a bend. 

Piezoelectric/electrostrictive actuators may be 
classified into two categories based on the type of 
driving voltage applied to the device and the nature 
of the strain induced by the voltage: (a) rigid dis- 
placement devices for which the strain is induced 
unidirectionally along an applied dc field; and (b) 
resonating displacement devices for which the alter- 
nating strain is excited by an ac field at the mechani- 

cal resonance frequency (ultrasonic motors). The first 
can be further divided into two types: servo displace- 
ment transducers (positioners) controlled by a feed- 
back system through a position-detection signal, and 
pulse-drive motors operated in a simple on/off 
switching mode, exemplified by dot-matrix printers. 
An actuator, referred to as a flight actuator, has been 
proposed which strikes a steel ball by means of a pulse- 
drive unit made from a multilayer piezodevice simi- 
lar to that found in a pinball machine. 

The materials requirements for these classes of de- 
vices are somewhat different, and certain com- 
pounds will be better suited to particular applica- 
tions. The ultrasonic motor requires a very hard type 
piezoelectric with a high mechanical quality factor Q, 
leading to the suppression of heat generation. The 
servo-displacement transducer suffers the most from 
strain hysteresis and, therefore, a PMN electrostric- 
tor is used for this purpose. The pulse-drive motor 
requires a low permittivity material aiming at a quick 
response rather than a small hysteresis so that soft 
PZT piezoelectrics are preferred to the high-permit- 
tivity PMN for this application. 

Eighteen years have passed since the intensive de- 
velopment of piezoelectric actuators began, and pie- 
zoelectric shutters and automatic focusing mecha- 
nisms in cameras, dot-matrix printers and part- 
feeders have been commercialized and mass-pro- 
duced by tens of thousands of pieces per month. Tak- 
ing account of the annual sales estimation in 2000 for 
ceramic actuator units ($500 million), camera-re- 
lated devices ($300 million) and ultrasonic motors 
($150 million), the market-share of piezoelectric ac- 
tuators would reach up to $ 1 billion in the future. 

It is evident that the application field of ceramic 
actuators is remarkably wide. There still remain, 
however, problems in durability and reliability that 
need to be overcome before these devices can be- 
come general-purpose commercialized products. The 
final goal is, of course, to develop much tougher ac- 
tuator ceramics mechanically and electrically. How- 
ever, the reliability can be improved significantly if 
the destruction symptom of the actuator is moni- 
tored. An intelligent actuator system composed of two 
feedback mechanisms has been proposed: position 
feedback which can compensate the position drift and 
the hysteresis, and breakdown detection feedback 
which can stop the actuator system safely without 



K. Uchino /Materials Letters 22 (1995) 1-4 

causing any serious damage to the equipment. 
Acoustic emission measurement of a piezo-actuator 
under a cyclic electric field, which exhibits a maxi- 
mum when the crack propagates extensively, is a good 
predictor for the lifetime. 

Finally, a future promising actuator material is in- 
troduced: photostrictive actuators developed re- 
cently exhibit an intelligent function incorporating 
sensing of illumination, and self-production of drive/ 
control voltage together with final actuation. In cer- 
tain ferroelectrics, a constant electromotive force is 
generated with exposure to light, and a photostrictive 
strain results from the coupling of this bulk photo- 
voltaic effect with inverse piezoelectricity. A bi- 
morph unit has been made from PLZT 3/52/48 ce- 
ramic doped with slight addition of tungsten. The 
remnant polarization of one PLZT layer is parallel to 

the plate and in the direction opposite to that of the 
other plate. When violet light is radiated onto one side 
of the PLZT bimorph, a photovoltage of 1 kV/mm is 
generated, causing a bending motion. The tip dis- 
placement of a 20 mm bimorph was 150 um with a 
response time of Is. A photo-driven micro walking 
device, a relay and a photoacoustic device ("photo- 
phone") have been designed to begin moving by light 
illumination without any electrical circuitry. 
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Abstract 

Novel functions of materials are sometimes realized by superimposing two different 
effects. Newly discovered materials, shape memory ceramics, monomorphs and 
photostrictors, are using sophisticatedly coupled effects of piezoelectricity with another 
different phenomenon. The shape memory function arises from a phase transition, while 
the monomorph and the photostriction are associated with a semiconductor contact effect 
and a bulk photovoltaic effect, respectively. These "very smart" multifunctional actuator 
materials will be utilized for future promising devices. This paper reviews principles and 
fundamental and application^ developments of these three materials. 

INTRODUCTION 

Recent developments in micro-electromechanical systems (MEMS), particularly in solid 
state actuators, have been remarkable.1'2) Application fields are classified into three 
categories: positioners, motors and vibration suppressors. The manufacturing precision of 
optical instruments such as lasers and cameras, and the positioning accuracy for fabricating 
semiconductor chips, which must be adjusted using solid-state actuators, is of the order of 
0.1 p.m. Regarding conventional electromagnetic motors, tiny motors smaller than 1 cm3 

are often required In office or factory automation equipment and are rather difficult to 
produce with sufficient energy efficiency. Ultrasonic motors whose efficiency is 
insensitive to size are superior in the mini-motor area. Vibration suppression in space 
structures and military vehicles using piezoelectric actuators is also a promising technology. 

Among the smart solid-state actuators, capable of moving something mechanically, 
controlled by temperature (shape memory alloy), magnetic field (magnetostrictive alloy) 
and electric field (piezoelectric/electrostrictive ceramic), the former two are generally 
inferior to the piezoelectric actuators because of technological trends aimed at reduced 
driving power and miniaturization. 

This paper concerns newly discovered ceramic actuator materials using sophisticatedly 
coupled effects of piezoelectricity with another different phenomenon: shape memory 



ceramics, monomorphs and photostrictors. Novel functions of materials are sometimes 
realized by superimposing two different effects. The shape memory function arises from a 
phase transition, while the monomorph and the photostriction are associated with a 
semiconductor contact effect and bulk photovoltaic effect, respectively These "very smart" 
multifunctional actuator materials will be utilized for future promising devices This paper 
reviews principles and fundamental and applicational developments of these three materials. 

SHAPE xMEMORY CERAMICS 

Concerning the phase-change-related strains, polarization induction by switching from a 
macroscopically nonpolar into a polar state, as in switching from an antiferroelectric to a 
ferroelectric state, has been proposed. Different from a shape memory alloy, the strain 
control is made electrically in the antiferroelectric ceramic, leading to much faster response 
and lower drive power than in the alloy. After the first report by Berlincourt et al 3) iead 
zirconate based ceramics were investigated intensively on the field induced strain 
characteristics by the authors, and a shape memory effect was discovered.4"6) 

Figure 1 shows the field-induced strain curves taken for the lead zirconate stannate-based 
system [Pbo.99Nb0.02((ZrxSni.x)i.yTiy)o.9803j.    The longitudinally induced strain 
reaches up to 0.4%, which is much larger than that expected in normal piezoelectrics or 
electrostnctors.    A rectangular-shape hysteresis in Fig.l left, referred to as a "digital 
displacement transducer" bacause of the two on/off strain states, is interesting.  Moreover 
tos field-induced transition exhibits a shape memory effect in appropriate compositions 
(Fig.l right). Once the ferroelectric phase has been induced, the material will "memorize" 
its ferroelectric state even under a zero-field condition, although it can be erased with the 
application of a small reverse bias field. The shape memory effect was also verified in the 
domain observation with an optical CCD microscope (Fig.2)7)   While no domain was 
observed at the initial state, clear domains appeared with an electric field due to the phase 
transition and remained even when the electric field was removed.   Recent researches by 
other groups were focused on sample fabrication processes and composition search for 
obstaining larger induced strains.^.9) 
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Figure 1 Electric field-induced strains in phase-change materials Pb(Zr,Sn,Ti)03. 
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Figure 2 Variation of the domain structure in a shape memory material Pb(Zr,Sn,Ti)03 
with an electric field. 

This shape memory ceramic was used in energy saving actuators. A latching relay in Fig.3 
was composed of a shape memory ceramic unimorph and a mechanical snap action switch, 
which was driven by a pulse voltage of 4ms. 10) Compared with the conventional 
electromagnetic relays, the new relay was much simple and compact in structure with 
almost the same response time. 
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Figure 3 Latching relay using a shape memory ceramic unimorph. 



MONOMORPH ACTUATORS 

A conventional bimorph-type actuator consists of two piezoelectric plates bonded together 
and electroded so that their piezoelectric expansion/contraction directions are opposing one 
another. This actuator will execute a large bending motion of several 100(im with the 
application of an electric field. The most serious problem associated with this type of 
actuator concerns the bonding of the ceramic plates and the elastic shim. Poor adhesion 
between these individual elements results in the rapid deterioration of the device after 
repeated use and displacement drift (creep). The monomorph actuator made from only one 
ceramic plate, which can achieve the bending displacement, will be a promising design in 
its simple construction. While avoiding the bonding problems of the bimorph structure, it 
also allows for significant cost reduction and production efficiency in manufacturing. 

The operating principle is based on the coupling of a semiconductor contact phenomenon 
with the piezoelectric/electrostrictive effect11) When metal electrodes are applied to both 
surfaces of a semiconductor plate and a voltage is applied as shown in Fig.4(a), electric 
field is concentrated on one side (Schottky barrier), thereby generating a non-uniform field 
within the plate. By making the piezoelectric slighüy semiconductive in this manner, 
contraction along the surface occurs through the piezoelectric effect only on the side at 
which the electric field is concentrated. The non-uniform field distribution generated in the 
ceramic causes an overall bending of the entire plate. Figure 4(b) is a modified structure, 
where a very thin insulative layer improves the breakdown voltage.12) 

Research is underway focused on barium titanate-based and lead zirconate titanate-based 
piezoelectric ceramics to which additives have been doped to produce semiconductive 
properties. The PZT ceramics were made semiconductive by preparing solid solutions with 
a semiconductive perovskite compound (Ki/2Bii/2)Zr03. When 300V was applied to a 
ceramic plate with 20 mm in length and 0.4 mm in thickness, fixed at one end, the tip 
deflection as much as 200 (im could be obtained, equal in magnitude to that of bimorphs 
(Fig.5).13) 
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Figure 4 Energy band models for the monomorph actuator: (a) Schottky type, (b) Metal- 
Insulator-Semiconductor structure with very thin insulative layers, 

(c) MIS structure with a very thick insulative layer. 
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Figure 5 Drive voltage versus tip displacement of a monomorph plate. The sample was 
made of 0.7Pb(Zro.9Tio.l)03-0.3(Ki/2Bii/2)Zr03 (20mm x 10mm x 0.4mm in size). 

The "rainbow" actuator by Aura Ceramics^) is a modification of the above-mentioned 
semiconductive piezoelectric monomorphs, where half of the piezoelectric plate is reduced 
so as to make a thick semiconductive electrode to cause a bend. Figure 4(c) shows the 
electron energy band structure of the "rainbow". *2) 

The monomorph was applied to a simple speaker. Figure 6 shows the sound pressure level 
versus frequency relation.15) Though its acoustic characteristics were not satisfactory in 
comparison with the conventional piezoelectric unimorph types, the monomorph speaker 
has advantages in mass-production and cost.   (b ^ 
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Figure 6 Frequency dependence of the sound pressure level measured at 10 cm in front of 
the monomorph or unimorph speaker. 



PHOTOSTRICTIVE ACTUATORS 

The photostrictive effect is a phenomenon in which strain is induced in the sample when it 
is illuminated. This effect is focused especially in the field of micromechanism. On 
decreasing the size of miniaturized robots/actuators, the weight of the electric lead wire 
connecting the power supply becomes significant, and remote control will be definitely 
required for sub-millimeter devices. A photo-driven actuator is a very promising candidate 
for micro-robots. 16) 

In certain ferroelectrics, a constant electromotive force is generated with exposure of light, 
and a photostrictive strain results from the coupling of this bulk photovoltaic effect to 
inverse piezoelectricity. A bimorph unit has been made from PLZT 3/52/48 ceramic doped 
with slight addition of niobium or tungsten. 17>18) 7he remnant polarization of one PLZT 
layer is parallel to the plate and in the direction opposite to that of the other plate. Figure 7 
shows the structure of a photo-driven bimorph in contrast to a voltage-driven one. Notice 
large illumination area, small capacitance and d33 usage, leading to large bending with 
quick response. When a violet light is irradiated to one side of the PLZT bimorph, a 
photovoltaic voltage of 1 kV/mm is generated, causing a bending motion. Figure 8 shows 
the displacement response observed at the tip of a 20 mm bimorph 0.4 mm in thickness. 
150 |im was obtained within a couple of seconds. 

A photo-driven micro walking device, designed to begin moving by light illumination, has 
been developed. 19) As shown in Fig.9, it is simple in structure, having neither lead wires 
nor electric circuitry, with two bimorph legs fixed to a plastic board. When the legs are 
irradiated alternately with light, the device moves like an inch worm with a speed of 100 
(im/min. 

Very recently photo-mechanical resonance of a PLZT ceramic bimorph has been 
successfully induced using chopped near-ultraviolet irradiation, having neither electric lead 
wires nor electric circuits.20) A dual beam method was used to irradiate the two sides of 
the bimorph alternately. The tip displacement of the sample is plotted as a function of 
chopper frequency in Fig. 10. The resonance frequency was about 75 Hz with the 
mechanical quality factor Q of about 30. The achievement of photo-induced mechanical 
resonance suggests the promise of photostrictors as vibration actuators such as "ultrasonic 
motors." 
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Figure 7 Structures of voltage- and photo-driven bimorphs and their driving principles. 
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Figure 8 Tip deflection of the bimorph device made of WO3 0.5 at.% doped PLZT under a 
dual beam control (illumination intensity: 10 mW/cm2). 
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Figure 9 Structure of the photo-driven micro walking machine. 
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Figure 10 Photo-induced mechanical resonance behavior of the PLZT bimorph. 
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